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Urea formaldehyde (UF) resins are widely used as adhesives for wood-based
composites. These thermosetting polymers have advantages of relative low price, fast
curing speed, and relative good bonding performance. However, UF resin bonded
composites are designed for interior applications due to its weak water resistance.
Moreover, traditional prevalent ways for recycling wood-based composites face problems
caused by UF resins.
In this project, the reuse of cured UF resins was systematically studied. The
verification and characterization of crystalline structures in cured UF resins were
conducted. The results showed that the crystalline regions were accounted for nearly
14.48% in a typical 1.2 formaldehyde to urea (F/U) molar ratio UF resin. The details of the
resin crystalline regions, such as grain sizes and interplanar spacing (d-spacing), were
characterized. The crystalline structures, nevertheless, did not affect the UF resin
hydrothermal hydrolysis in this study.
The reuse of cured UF resin was started with a hydrothermal hydrolysis. Under 140
°C and 2 h of hydrothermal process, 20 mL of 30 w.t. % formaldehyde water solution was

able to depolymerize up to 1.7 g of cured UF resin. The hydrolyzed formaldehyde solutions
were directly used as normal formaldehyde solutions for UF resin synthesis. The
synthesized resin (named as UUF resin) contained about 6 w.t. % of cured UF resin and
presented similar chemical structures and bonding performance as normal UF resins.
Hybrid resins made of UUF resin and polymeric 4-4 diphenyl methane diisocyanate
(pMDI) were prepared. The pMDI was found evenly dispersed in the hybrid resins by using
acetone as its solvent. These hybrid resins resulted in faster curing and stronger bonding
performance than pure UUF resins. Furthermore, the hybrid resin was used in a new
bonding design, which used southern pine wood radial section features. This design
generated finger joint like bonding interfaces by hot pressing two resin coated wood radial
sections. The bonding strength and bond line stability were enhanced by this design.
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CHAPTER I
INTRODUCTION
1.1
1.1.1

Background
Urea formaldehyde (UF) resin recycling
Wood is a natural material. Wood-based panels are always bonded with a resin,

which generates a challenge of recycling at the end of the service life of these panels. There
are different ways of wood product recycling [1, 2]. Wood waste gasification is a feasible
way for the generation of heat, electricity, and bio-oil. Composting is another alternative
way for dealing with wood waste [3]. UF resin bonded wood-based panels generate
poisonous gases, such as isocyanic acid (HCN), hydrocyanic acid (HNCO), during
traditional combustion or gasification. These compounds are attributed to a large quantity
of nitrogen in UF resins [4]. So, pure UF resin residues need to be properly disposed, and
these organic hazardous wastes are normally disposed by thermal decomposition [5].
Because of this disposal issue, waste incineration of substances containing UF resin needs
extra treatments to remove poisonous emissions. The cost of purification to satisfy the
discharge regulations of the poisonous gases is high. The high cost leads to research topics
on the pretreatments of UF resin residues or two-step pyrolysis of the resin bonded wood
wastes.
UF resin is a chemical product and made from reactions of two monomers: urea
and formaldehyde. The reactions in UF resin polymerization are reversible. This
1

reversibility is one of the major reasons for UF resin’s low water or moisture resistance.
Many studies have been focused on hydrolytic depolymerization of cured UF resins, which
is also a reasonable approach for recycling cured UF resins [6]. The outcomes from
hydrolyzed cured UF resins might be single or small molecular units similar to reactants in
UF resin condensation processes, which might be used for UF resin repreparation.
Consequently, this cured UF resin recycling approach provides not only the materials for
synthesizing UF resin, but also a way for pretreatment of UF resin residue containing
substances for thermal disposal.
UF resin has several advantages, such as water solubility, clear color, and low cost
which make it attractive for the wood industry. But low moisture resistance limits the
applications of UF resin.
Polymeric diphenyl methane diisocyanate (pMDI) resin has been used for bonding
wood-based products for exterior applications. This resin has strong water resistance and
long-term durability [7]. Hence, the modification of UF resin with isocyanate resin has a
chance for water resistance improvement of the hybrid resin concept with a low cost.
Generally, isocyanate resin reacts with water in UF resin; therefore, efforts toward
controlling copolymerization of the two resins in a hybrid system are needed. The
modification of recycled UF resin with isocyanate resin is also a unique topic. It is expected
that the new technology developed will be beneficial for value added applications of used
UF resins.
1.1.2

New wood bonding design
In order to improve wood bonding performance, numerous methods have been used

to increase wood surface bonding area. These include surface activation, bonding area
2

maximization, and resin penetration [8]. There is also a wood bonding formation without
additional materials, named as wood friction welding, which is generated by chemical
reaction of wood chemical components between wood surfaces [9]. However, there is no
report of using wood features, such as earlywood and latewood and thus wood cell structure
difference, to enhance its bonding performance. That said, there is numerous literature that
describes how every effort should be made to avoid crushing the wood during bonding. In
the case of southern pine, the density difference between earlywood and latewood is
approximately 2.5~3.0 times. When gluing species with great density variation, many
deleterious effects are known to occur, subsequent to the crushing of the less-dense wood.
In southern pine trees, latewood cells have thicker cell walls and smaller cell
lumens than earlywood and thus higher density. Under the same compression pressure,
earlywood cells are easier to be compressed than latewood cells. Based on these facts, when
two pieces of the radial section of southern pine wood are layered together and compressed,
latewood layers on one piece of wood will force grooves on earlywood layers of other side
of wood piece and vice versa due to lower density, lower hardness and thus more
compressible feature of earlywood layers. In the end, indented shapes similar to finger joint
structure will be formed on the accumulation of the grooves of earlywood. These increase
the bonding area and may increase the bonding strength, which provide a new way for
bonding southern pine wood.

3

1.2
1.2.1
1.2.1.1

Literature review
UF resin
Introduction
UF resins are thermosetting polymers. They are composed of non-reacted

monomers and branched or linear oligomeric and polymeric molecules. It has the
advantages of high reactivity, fast cure, relatively low price, relatively good panel
performance, and clear color, which make it one of the major adhesives for wood industry.
It is widely used in particleboard, medium density fiberboard, and interior plywood
manufacturing. The so-called aminoplastic resin, even though it is a chemical product from
the crosslinking reaction of two simple monomers: urea and formaldehyde, has a countless
variety of condensed structures due to various reaction conditions [10]. In spite of its
advantages, UF resins are limited in interior utilization due to their low water or moisture
resistance. Also, the resin utilization may cause indoor air pollution and possible health
problems due to the free formaldehyde emission from UF resin bonded wood products
[11]. The source of free formaldehyde from UF resin bonded wood products is believed
mainly from un-reacted formaldehyde and the reversibility of aminomethylene link in the
cured resin network, which is also the major reason for its low water resistance [12]. As
the reactions of UF resin are somewhat reversible, the hydrolysis of cured resin may be a
major factor for long-term formaldehyde emission. Typical synthesis reactions of UF resins
are given as follows [13]:
H2NCONH2 + HOCH2OH⇌H2NCONHCH2OH + H2O (1)
H2NCONHCH2OH + HOCH2OH ⇌ HOH2CHNCONHCH2OH + H2O (2)
H2NCONHCH2OH + H2NCONH2⇌ H2NCONHCH2NHCONH2 + H2O (3)
4

2H2NCONHCH2OH ⇌ H2NCONHCH2OCH2NHCONH2 + H2O (4)
1.2.1.2

UF resin recycling
There are numerous studies on recycling wood wastes [2]. One of the wood waste

recycling technologies is biomass gasification for heat, electricity or bio-oil generation.
But the existence of UF resin in this wood waste recycling has a negative influence on
environment. UF resin generates chemicals, such as ammonia, isocyanic, and cyanhydric
or nitrous oxides during a classic thermal incineration since it contains a large quantity of
nitrogen [4, 5]. Consequently, UF resin residues or UF resin bonded wood-based panels
require a pretreatment for combustion or gasification.
The hydrolysis process assumes to be a more energy efficient and environmentally
friendly way to recycle cured UF resins, which takes the advantage of UF resin reversibility
in water or under high moisture conditions. The hydrolysis of cured UF resins may provide
not only a way to remove cured resin from wood wastes, but also a way to use it in resin
repreparation. The hydrolytic degradation of UF resin depends on chemical structure,
degree of crosslinking, and can be accelerated with high temperature and under strong
acidic conditions [14]. For example, a 10 to 40 seconds of acid etching process has induced
microstructure changes on cured UF resin. Also different additives during resin curing have
made discrepancies on hydrolysis process [6]. The UF resin hydrolytic depolymerization
has also been studied based on different types of cured UF resins [15, 16], but there are
limited reports on the used or hydrolyzed cured UF resin utilization. The used UF resin
might be able to act as raw material for resin repreparation. The feasibility of this needs to
be evaluated.

5

1.2.1.3

UF resin modification
UF resin is commonly prepared through a two-step process: alkaline methylolation

followed by an acid condensation reaction. This action produces innumerable variety of
condensed structures. The modification of the resin begins with its selective synthesis
parameters. Among them, the most significant factor in resin synthesis is the formaldehyde
to urea (F/U) molar ratio. This ratio is vital for the free formaldehyde content, resin
viscosity, curing time, shelf time, crosslinking degree, and relative molecular weight
distribution. To date, the widespread method for reducing free formaldehyde emission of
UF resin bonded board is to lower F/U molar ratio. During the resin manufacturing process,
a high initial F/U molar ratio is used to increase the resin preparation rate. For example,
normally, overall F/U molar ratio of a UF resin is set at 1.15. When using higher F/U molar
ratios from 1.80 to 2.40 in the first methylolation step, the viscosity increases could be
accelerated in this step [17]. A dynamic mechanical analysis illustrated that the rigidity of
UF resin was decreased as decreasing the F/U molar ratio, but the gel time was increased,
which partially explained the poor adhesion performance of low F/U molar ratio UF resin
[18]. Different catalysts in UF resin synthesis play important roles in the formation of
functional groups and ratio of condensed structures, which influence the resin
polymerization [19]. Interestingly, crystalline structures have been found in cured UF
resins. An increasing number of studies have been reported that low F/U molar ratio UF
resin had higher ratio of crystalline structures than the corresponding higher F/U molar
ratio UF resin. The high crystallinity led to higher water resistance of the resin. But the
mentioned crystalline structures are not good for bonding strength of wood products [2022].
6

Although the synthesis and properties of low F/U molar ratio UF resin have been
improved through numerous research efforts, poor water or moisture resistance is still the
critical drawback for the application of this resin. Copolymerization between UF resin and
other chemical compounds or polymers has attracted more attention. Melamine-ureaformaldehyde (MUF) resin is one of the copolymerized products, which has shown an
enhanced water resistance [23]. Still, for exterior application, more stable resin components
are needed. Polymeric isocyanate (pMDI) resin has been used for many wood products for
exterior applications [24]; therefore, an increasing interest has also been focused on
UF/pMDI resin mix system. The main problem of mixing UF and pMDI resin is that the
moisture content of UF resins is usually between 35~45%, which results in a fast reaction
with pMDI [25]. In these studies, the copolymerization process or reaction between the
two resin systems is still not clear. For instance, early studies showed that the joints bonded
with UF/pMDI resin had an improved strength, which was attributed to co-reaction of the
methylol groups of UF resins with pMDI to form a certain number of methylene crosslinks. Their carbon-13 nuclear magnetic resonance (NMR) results also illustrated that water
in the mixed resin system has not reacted much with pMDI resin [26, 27]. Later, the same
group reported that the formation of polyureas and biurets were predominant in the crosslink of pMDI with water and in UF/pMDI resin systems under fast curing conditions [28].
In this two-resin system, colloidal structures of one resin migrated within the colloidal
structures of the other resin [29]. Even though the reaction mechanism is not clear, studies
do show that small pMDI addition (5~15% weight ratio) improved water resistance of UF
resin for plywood [30].

7

In order to promote the copolymerization between UF resin and pMDI, blocked
isocyanates were used in the UF/pMDI system. A blocked isocyanate is formed when a
compound containing an active hydrogen atom react with an isocyanate group (-NCO).
There are several blocking agents for pMDI, aqueous sodium bisulfite solution is an
efficient one among them. The blocking of isocyanate groups in pMDI resins makes it
dispersible in UF resins [31]. The addition of 1% of blocked pMDI in UF resin has
increased both dry and wet strength of plywood, as well as lowered formaldehyde emission
[32]. But the ratio of added pMDI in this resin system is too low and the resin system is
still short of stability for exterior use. High ratios of pMDI in such hybrid resins might be
needed.
1.2.2
1.2.2.1

Wood bonding properties
Introduction
Wood materials have been used widely in daily human life for a very long time due

to their easy processing, abundance, renewability, and environmentally friendly features.
With the increasing demand for the sustainable materials, fast growing tree species are the
main feedstock of wood-based engineered products. Southern pine trees are the most
popular commercial species group in the southern United States. In order to address low
quality wood issue, add value, prolong service life, and broaden applications, plywood,
laminated veneer lumber, and glued laminated timber these engineered wood product
concepts have been generated and these products have been commercialized. Each of these
is assembled from single wood elements, such as wood veneer, wood strip, and lumber,
bonded or glued together by adhesives. The bonding strength and durability of these
products are major concerns in structural applications [33].
8

1.2.2.2

Wood bonding performance improvement
Chemical impregnation of wood surface is one of the methods to enhance both

wood surface quality and service life [34]. However, a chemical impregnation process
normally has some negative effects to the bonding strength; thus sanding impregnated
wood surface were recommended [35, 36]. Heat treatment has gained popularity in wood
products industry recently but it has resulted in poor wood bonding strength even with
enhanced wood surface quality [37]. The surface activation of wood and wood composites
has increased the bonding strengths since this approach has increased the number of
linkages between wood surfaces and adhesives [8]. For physical or mechanical approaches,
finger joint has been used in wood products industry for a long time. It is an efficient way
to use low grade and short lumber for big dimensional wood products development [38].
With finger joints, the high bonding strength is developed by introducing larger bonding
surface area, as compared to end and edge bonding. There is also a new wood bonding
formation process without any additional materials, named as wood friction welding, in
which bonding is generated by chemical reaction of wood chemical components on wood
surfaces [9, 39]. Thus, methods mentioned above are mainly aimed at increasing wood
surface bonding area based on surface activation, increasing bonding area, and resin
penetration.
1.2.2.3

Advantages of compressed wood
Wood densification process is an efficient way to improve wood surface quality

and physical properties, especially for fast-grown softwood tree species [40, 41]. The
improvement in surface quality is wishful for wood veneers in plywood production.
Densified wood veneers have improved surface hardness and lowered surface roughness.
9

These improvements are obtained from conglutinating lathe checks, which are good for
resin coating and panel quality [42]. However, some of the compressed wood inevitably
goes through a complete recovery or spring back once exposed in high moisture conditions,
which might be modified by combining steam or hot oil treatment [43]. The stabilization
of compressed wood is essential for wood densification. On the other hand, the recovery
or swelling of compressed wood might be beneficial for some special applications of wood
material. For example, when compressed wood blocks were inserted in the rectangular
holes in glulam beams, the swelling or wood recovery generated stress has significantly
enhanced the initial stiffness and load carrying of beams as compared with control samples
[44]. However, spring back in densified OSB is not welcome and frequently causes
construction problems. Nevertheless, developing technology for the utilization of
compressed wood has big potential.
1.3

Objectives
The general objective of this study was to use a laboratory made UF resin as a

model to develop a process concept to recycle or reuse UF resin for bonding wood products.
In detail, the following was planned:
1) Develop a complete hydrolysis process for cured UF resin;
2) Generate information for used or recycled UF resin preparation and application;
3) Evaluate the bonding performance of high ratios of isocyanate resin in used UF
resin modification for wood products;
4) Develop a new method to improve wood bonding strength by using southern
pine wood original features.
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CHAPTER II
CHARACTERIZATION OF THE CRYSTALLINE REGIONS OF CURED UREA
FORMALDEHYDE RESIN
2.1

Abstract
The existence of crystalline regions has been detected in UF resins. These

crystalline regions are believed beneficial for the hydrolytic stability or water resistance
and advanced mechanical properties of the resin. In this study, characterization was
conducted on crystalline regions of a cured UF resin with a formaldehyde to urea (F/U)
molar ratio of 1.2. A slow scanned X-ray diffraction (XRD) pattern was obtained to
estimate the crystalline percentage, grain size, and interplanar spacing (d-spacing) of the
resin crystalline structures. The results showed that the crystalline regions were accounted
for nearly 14.48% of the resin. From the XRD pattern, the estimated grain size of 4.1 nm
was accounted for the peak (two theta degrees, 2θ) of 21.55°, 4.1 nm for 24.35°, 4.2 nm
for 31.18°, and 4.8 nm for 40.43°, respectively. Furthermore, a selected area electron
diffraction (SAD) pattern of the resin was obtained to confirm the results. The calculated
d-spacing values were 2.2242 Å for the peak (2θ) of 21.55°, 1.2833 Å for 24.35°, and
1.0978 Å for 31.18°, respectively. The obtained SAD pattern matched the corresponding
XRD pattern of the UF resin. This work provides information for studying the mechanism
of formation and the application of crystalline regions of UF resins.
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2.2

Introduction
Urea formaldehyde (UF) resins are thermosetting polymers. They are composed of

non-reacted monomers and branched or linear oligomeric and polymeric molecules. These
polymers have the advantages of high reactivity, fast curing time, relatively low price,
relatively strong bonding strength, and clear color, which make it one of the major
adhesives for wood industry. It is widely used in particleboard, medium density fiber board,
and interior plywood manufacturing. This so-called aminoplastic resin, even though it is a
chemical product from the reaction of two simple monomers: urea and formaldehyde, has
a countless variety of condensed structures under various reaction conditions [1]. In spite
of its advantages, UF resins are limited in interior utilization due to their low water or
moisture resistance. Also, the resin utilization may cause indoor air pollution and possible
health problems due to the formaldehyde emission from UF resin bonded wood products
[2]. The source of formaldehyde from UF resin bonded wood products is believed mainly
from un-reacted formaldehyde and the reversibility of aminomethylene links in the cured
resin network. These reversible links are also the major reason for the low water resistance
of UF resins [3].
The modification of UF resin for lowering formaldehyde emission and enhancing
water resistance has attracted tremendous attention. The modification of the resin begins
with its selective synthesis parameters. Among them, the most significant factor in resin
synthesis is the formaldehyde to urea (F/U) molar ratio. This ratio is vital for the
formaldehyde content, resin viscosity, curing time, shelf time, crosslinking degree, and
relative molecular weight distribution. To date, the widespread method for reducing the
formaldehyde emission of UF resin is to lower its F/U molar ratio [4]. The mechanical and
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chemical properties of low and high F/U molar ratio UF resins are different. For example,
a dynamic mechanical analysis illustrated that the rigidity of UF resin decreased as the F/U
molar ratio decreased, but the gel time increased, which partially explained the poor
adhesion performance of the low F/U molar ratio UF resin [5]. In addition, catalysts in UF
resin synthesis play an important role in the formation of functional groups and ratio of
condensed structures, which influence the resin polymerization [6]. Interestingly, under the
low F/U molar ratios, crystalline structures have been found in the cured UF resins in
situations where catalyst was and was not used [7]. Nowadays, an increasing number of
research papers have been reported about the crystalline regions of UF resins.
The shape and distribution of the crystalline structures on the resin surface have
been explored using an atomic force microscopy. The related results showed that the
crystalline regions increased the UF resin’s hydrolytic degradation behavior [8]. The
relationship between F/U molar ratios and hydrolytic stabilities of UF resins has been
further explored. Some results showed that the low F/U molar ratio UF resin has a higher
ratio of crystalline regions than the high molar ratio UF resin; thus, a higher resistance to
hydrolysis [9]. In addition, the crystalline and domain sizes in various F/U molar ratio UF
resins have also been calculated from X-ray diffraction (XRD) patterns and X-ray
scattering techniques. The crystalline percentages in cured UF resins were increased from
26% to 48% with the decrease of F/U molar ratio from 1.6 to 1.0. The domain sizes were
also increased from nearly 1 nm to 5 nm with this change [10].
To confirm the existence of crystalline regions in a UF resin cured in contact with
wood, an electron diffraction (ED) pattern was obtained from the resin particles. This ED
pattern contained a big white halo in the middle and overlapped with thick and blurry
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diffracted electron rings. It has been concluded that the electron rings in their ED pattern
confirmed the crystalline regions of the UF resin [11]. Liquid UF resins have also been
observed with a transmission electron microscope (TEM) to further explore the mechanism
and the development of crystalline regions in UF resins. Images were obtained from the
TEM. The results might not be appropriate to determine the crystalline structures of the
resin sample [12]. The clearest image here showed a scale bar of 500 nm, which is
impossible to observe the atom level distances between the planes of a crystal. To confirm
the crystalline structure of an analyte, the most reliable way is to obtain its electron
diffraction pattern.
The existence of crystalline regions in a UF resin could act as a reinforced structure
for the resin [13]. The right type of crystal formations in the resin could reinforce the
performance of the resin substrate in different aspects, i.e. compact strength. The dispersion
of crystal domains in the resin could also influence other functional modifications using
the nanoparticles concept [14]. UF resins were used as the shell of capsules for self-healing
polymers. Hence, the crystalline UF resin shell might be used as functional fillers for selfhealing polymers [15]. However, the mechanism for the formation of the crystalline
regions in UF resins is still unknown, including their chemical components or molecular
structures. In addition, the crystalline region characterization for UF resins lacks the
information of grain size, d-spacing, etc. The X-ray diffraction (XRD) pattern is obtained
from the diffracted X-ray beams when the incident beams pass through crystals.
Meanwhile, a selected area diffraction (SAD) pattern is obtained from the diffracted
electrons in the same manner of the XRD pattern. The XRD pattern of a material is the
integration of the radius across the SAD pattern of it. This means that the indexed plane of
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a peak in a XRD pattern should match the indexed plane of a ring in its SAD pattern [16].
There was, however, no reported SAD pattern that matched the related XRD pattern of UF
resin’s crystalline regions.
In this chapter, a normal F/U molar ratio (1.2) UF resin was used to study the
crystalline regions of cured UF resin. The objectives here were to: confirm the existence
of crystalline regions in cured UF resin with match XRD and SAD patterns; obtain the
details of the crystalline regions, such as d-spacing value and crystalline percentage.
2.3
2.3.1

Materials and methods
Materials
Paraformaldehyde (HO(CH2O)nH), in its crystalline form and reagent grade, was

purchased from Sigma Aldrich, USA. Urea (NH2CONH2), in its crystalline form, 98%
pure, was purchased from Alfa Aesar, USA. Sodium hydroxide beads (NaOH), ammonium
sulfate ((NH4)2SO4), ammonium chloride (NH4Cl), 1 N sulfuric acid (H2SO4), and 1 N
hydrochloric acid (HCl), certified ACS plus, were purchased from Fisher Scientific, USA.
All chemicals were used as received without further purification except for dilution to
achieve different desired concentrations.
2.3.2

UF resin preparation
A liquid urea formaldehyde resin with a 1.2 F/U molar ratio was prepared by

following two steps of urea addition [1]. Typically, paraformaldehyde (93 g) was dissolved
in distilled water (93 g) at a base condition (pH=8.0). The solution was heated to 70 °C.
Then, the first part of urea (96 g) was added in the formaldehyde solution for the
methylolation reaction to occur. One N hydrochloric acid (HCl) or sulfuric acid (H2SO4)
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and 1 N sodium hydroxide (NaOH) were used to adjust pH values. Later, the reaction was
followed by a poly-condensation or polymerization reaction under an acid condition
(pH=4.8) until the reactant reached a target viscosity of QR (Gardner Holdt Bubble). Then,
the second urea (59 g) was added. The UF resin obtained was finally adjusted to a base
condition (pH=8.0) to stop polymerization. For each pH value control acid type (HCl and
H2SO4), three replicates of UF resin were prepared. The measured average viscosity for all
the resins was 300 mPa·s (Viscosity meter DV-I Prime, Brookfield, USA) with an average
solid content of 64.8% (Moisture balance, CSC Scientific, Inc. USA).
2.3.3

Cured UF resin particle preparation
For the sulfuric acid controlled UF resin, ammonium sulfate (20 w.t. % water

solution) was used as a hardener for the resin curing (this resin was assigned as type “a”).
Ammonium chloride (20 w.t. % water solution) was used for the hydrochloric acid
controlled UF resin (assigned as type “b”). One w.t. % of hardener was added into these
liquid UF resins based on resin solid content. All the resins were cured at 120 °C for 2 h.
Then, the solid UF resins were ground to particles (≤ 28 mesh) with a ceramic mortar and
pestle for further experiments.
2.3.4

Chemical compositions
The percentages of elements in UF resin particles were obtained from an energy

dispersive spectroscopy (EDS, Oxford instruments, UK). The attenuated total reflection
Fourier transform infrared spectroscopy (ATR-FTIR, Spectra two, PerkinElmer INC.
USA) was used to collect the information of chemical bonds. The ground resin particles
(120 mesh) were applied on the instrument crystal surface; and a gauge force of 100 (from
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the manual of the instrument) was applied on the particles. The set resolution was 1 cm -1,
data interval was 0.25 cm-1, and 4 scans were accumulated for each spectrum.
2.3.5

X-ray diffraction (XRD) pattern
The normal XRD patterns of UF resins were collected on an X-ray diffractometer

(Ultima III, Rigaku Corporation, Japan) using CuKα (λ =1.5418 Å) radiation, operated at
40 kV and 44 mA at a rate of 3° min-1 and 2θ from 10~60°. A glass sample holder was
used for the resin powder. For the slow scanned XRD patterns, the rate was adjusted to
0.25° min-1 and 2θ from 0~90°. Moreover, a zero-background sample holder (ZBH, silicon
crystal, with a center cavity of 10 mm diameter and 0.1 mm depth) was used. The data
analysis was conducted by MDI Jade 2010 software (MDI, Materials Data, Inc.).
2.3.6

Selected area diffraction (SAD) pattern
UF resin particles were first dispersed in distilled water (2 w.t. %). A droplet of the

stirred suspension was immediately dropped on the grid (Lacey carbon coated 300 mesh
copper grid). Then, the grid was vacuum dried for 6 h prior to further observation. The
resin particles were observed using a JEOL-2100 transmission electron microscopy (TEM)
(JEOL, Ltd. Japan), operated at 200 kV.
2.4
2.4.1

Results and discussion
UF resin chemical composition
The element composition of the UF resin was detected using an EDS. The typical

TEM image and the elements mapping of UF resin particles are shown in Figure 2.1. UF
resins were prepared from urea and formaldehyde, which only contained elements of
carbon (C), nitrogen (N), and oxygen (O). Hence, the major elements of the resin were C
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(49.8%), N (32.1%), and O (18.0%). Other existence of trace elements was introduced by
hardeners or other impurities. Because of this, it was assumed that the possible crystalline
structures in the UF resin could only be formed through these major three elements.

Figure 2.1

EDS spectra and compositional mapping images of a typical cured UF resin
particle: (a) TEM image of the resin particle; (b) mapping of the element C
(49.8%), (c) N (32.1%), and (d) O (18.0%), respectively

The ATR-FTIR spectra of the cured UF resins are shown in Figure 2.2. The broad
band at 3300~3350 cm-1 was assigned to the N-H stretching of secondary amides. Urea
contains primary amines, which indicates that the urea might be fully reacted during the
resin preparation and curing process. The peaks at 1632 and 1550 cm-1 were attributed to
the stretching of carbonyl group (C=O) and C-N stretching of secondary amines,
respectively. The peak at 1378 cm-1 was assigned to -CH2OH, this illustrates a typical
22

reaction between urea and formaldehyde [11]. The peak of 1238 cm-1 was attributed to the
stretching of C-N and N-H of tertiary amines. The other observed peaks of 1130 and 1035
cm-1 were assigned to C-O aliphatic ether and methylene bridge (-NCH2N-), respectively
[17]. The occurrences of the bands confirmed the polymerization of UF resins during the
curing process. The obtained results were similar to the other FTIR spectra of cured UF
resins with the addition of hardeners [11]. These results indicate that the acid type for pH
value control and hardener type for UF resin curing had no significant influence on resin
chemical compositions.

Figure 2.2

ATR-FTIR spectra of cured UF resin powders: a. type “a” resin powder; b.
type “b” resin powder
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2.4.2

XRD pattern of cured UF resin
The normal XRD patterns of two UF resins are shown in Figure 2.3. The

occurrences of the peaks confirmed the existence of crystalline regions in cured UF resins.
The 2𝜃 degrees for the peaks were 21.55°, 24.35°, 31.18°, and 40.43°, respectively. Once
again, there was no significant difference between these two resin types, concerning XRD
spectra. The results indicate that acid and hardener types for pH value control during resin
preparation and resin curing, respectively, did not influence the formation and the
development of the crystalline structures in cured UF resins [12]. The higher intensity in
type “b” resin at 2𝜃 degrees of 21.55° and 24.35° might be attributed to a higher population
of the related crystalline regions. This indicates that the types of hardener and acid could
control the percentage of crystalline regions in cured UF resins even at the same F/U molar
ratio.
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Figure 2.3

2.4.3

Normal XRD pattern of UF resins: a. type “a” resin powder; b. type “b”
resin powder

Slow scanned XRD pattern
A better signal to noise ratio of XRD pattern was obtained from a slow scanned

experiment; that is, the peaks of the XRD pattern obtain more counts and grow out far more
from the background. In addition, minor components in the resin were detected. To do
quantitative analysis of the cured UF resin particles, a zero-background sample holder was
used, and the slow scanned XRD pattern is shown in Figure 2.4.
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Figure 2.4

Slow scanned XRD pattern of type “a” resin powder

Data analysis was conducted using the MDI jade 2010 software. After the automatic
simulation and curve fitting process were completed in the software, the percentage of
crystalline in the resin particles, grain sizes, and d-spacing values of the related crystalline
regions were obtained (Table 2.1). The crystalline percentage was 14.48% in this analysis.
Considering the curve fitting process, this value was the maximum crystalline percentage
in the UF resin. The actual percentage was not greater than this value since the background
broadening is nearly impossible to eliminate. In addition, the d-spacing values for the
corresponding peaks were obtained, 4.12 Å for 2𝜃 degree of 21.55°, 3.65 Å for 24.35°,
2.86 Å for 31.18°, and 2.23 Å for 40.43°, respectively. The grain sizes for all the crystalline
regions were close to each other, and the average size was approximately 4.1 nm. However,
for further confirmation of d-spacing values, the related SAD patterns are needed.
26

Table 2.1

Obtained data from MDI Jade software
Angle (°)
21.55
24.35
31.18
40.43

2.4.4

d-spacing (Å)
4.12
3.65
2.86
2.23

Grain size (nm)
4.1
4.1
4.2
4.3

TEM images and SAD patterns of the cured UF resin
The TEM images and SAD patterns of UF resin particles are shown in Figure 2.5.

The observed UF resin particles were randomly distributed with irregular shapes. Fig. 5 (a)
and Figure 2.5 (b) were examples of typical UF resin particles. The observed morphology
and shape were not like the UF resin particles in a previous study [11]. This was attributed
to the sample preparation process. In the present work, bulk UF resins were ground to
particles. While in the previous study, the resin particles were observed on wood substrate.
Figure 2.5 (c) shows the image of the area of the UF resin particle that was used for the
SAD pattern. The location is also described in Figure 2.5 (b), within the circled area. Figure
2.5 (d) is the SAD pattern of the resin particle in Figure 2.5 (c). In this SAD pattern, it is
obvious that crystalline regions existed in the cured UF resin. However, the crystalline
percentage was quite low, as indicated in the slow scanned XRD pattern, only 14.48%. Due
to the dominated area of amorphous regions, the diffracted electron rings were blurry. This
was the most common SAD pattern for the resin particles. The obtained SAD pattern in
Figure 2.5 (d) shows three diffracted electron rings, which matches their XRD pattern,
while in other reported data, the SAD pattern didn’t not match their XRD pattern. In this
SAD pattern, each ring had a certain thickness. This might be induced by the electron
diffraction of multiple overlapped crystalline regions. To our surprise, for the observed
27

area of UF resin particles in Figure 2.5 (e), a much clearer SAD pattern was obtained, as
showed in Figure 2.5 (f).

Figure 2.5

TEM images and SAD patterns of UF resin particles: (a) and (b) are UF
resin particles; (d) is the SAD pattern of (c); and (f) is the SAD pattern of
(e)
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Once again, there are three clear rings in the image. The subsequent d-spacing
values calculation was conducted using the Image J software. The calculated data are
shown in Table 2.2. From the clear SAD pattern, the d-spacing values were calculated as
2.2242 Å, 1.2833 Å, and 1.0978 Å, respectively. These d-spacing values were
corresponding to the 2𝜃 degrees of 21.55°, 24.35°, and 31.18°, respectively. The obtained
data are different with the data in the simulated slow scanned XRD pattern. This might be
attributed to the lack of data in the MDI Jade database for these specific crystalline regions.
Further research is needed to verify this.
Table 2.2

Calculated d-spacing values from the SAD pattern

Rings (Numbered from inside)
1
2
3

2.5

2𝜃 degree
21.55°
24.35°
31.18°

D-spacing (Å)
2.2242
1.2833
1.0978

Conclusions
UF resin applications are ubiquitous in adhesives and other polymer-based

products. The existence of crystalline regions in low F/U molar ratio UF resins has attracted
a new desire to understand this thermosetting polymer. In this work, the crystalline regions
of particles of a pure UF resin with the F/U molar ratio of 1.2 have been characterized. The
obtained SAD pattern matched the resin’s XRD pattern, which confirmed the existence of
crystalline regions in the resin. Furthermore, an estimated crystalline percentage of 14.48%
was obtained based on the simulation of a slow scanned XRD pattern. A clear SAD pattern
of the resin was obtained. The calculated d-spacing values were 2.2242 Å for the peak (2θ)
of 21.55°, 1.2833 Å for 24.35°, and 1.0978 Å for 31.18°, respectively. The knowledge
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presented in this work provides information for the resin’s practical application and future
theoretical studies.
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CHAPTER III
HYDROLYSIS AND RECYCLING OF UREA FORMALDEHYDE RESIN RESIDUES
3.1

Abstract
Urea formaldehyde (UF) resin residues generate many poisonous chemicals during

traditional disposal methods for organic hazardous wastes. In this study, hydrothermal
hydrolysis was developed to depolymerize, remove, and recycle cured UF resin. Under 140
°C and 2 h of hydrothermal process, 20 mL of either 2 N HCl or 30 w.t. % of formaldehyde
solutions can depolymerize as much as 1.7 g of cured UF resin. In addition, the attenuated
total

reflection

Fourier-transform

infrared

spectroscopy

(ATR-FTIR),

gas

chromatography-mass spectroscopy (GC-MS), X-ray diffraction (XRD), and 1H nuclear
magnetic resonance (NMR) analyses confirmed that the hydrothermal hydrolysis
hydrolyzed cured UF resin. Moreover, formaldehyde solution hydrolysis fully recycled the
depolymerized UF resin. The hydrolyzed formaldehyde solution was directly used as a
normal formaldehyde solution for UF resin synthesis. The synthesized resin, which
contained about 6 w.t. % of depolymerized cured UF resin, had similar chemical structures
and bonding performance as normal UF resin. These hydrolysis methods generated no
harmful gases and pollutants, nor any pre- or post-treatments, which proves its feasibility
in UF resin residues safe removal or disposal and recycling.
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3.2

Introduction
Urea formaldehyde (UF) resins are widely used in coatings, molding compositions,

and adhesives due to their numerous outstanding features, such as high reactivity, fast cure,
relatively low price, and a clear color. Since 2012, the annual production of UF resin is
greater than 1 million metric tons in the world [1]. Meanwhile large amounts of UF resin
residues are generated globally every year. These organic resin residues have been
identified as hazardous wastes in many countries for over 10 years now. Currently, greater
than 70% of the total UF resin production is used as a bonding agent by the forest products
and wood industry for bonding particle board and medium density fiber board (MDF). The
global production of particle board and fiber board was accounted for 228 million cubic
meter in 2015 [2]. Each year, a huge amount of these products, after the completion of their
service life, need to be discarded or recycled in a safe manner [3]. The recycling of wood
becomes much more difficult with the presence of a UF resin binder. Hence, the disposal
of either pure UF resin or materials containing UF resin has been attracted numerous
attentions in recent years.
The disposal technology of UF resin residue that comes first into mind might be the
thermal treatment, such as combustion and pyrolysis, which has been realized as the most
available technology to eliminate organic hazardous wastes [4]. In many occasions,
combustion of hazardous waste could generate numerous pollutant emissions, which
results in high treatment cost to meet the discharge standards. Compared to combustion,
pyrolysis is an alternative to treat organic hazardous waste, which could even transfer
hazardous waste to fuel and other valuable chemical products. Unfortunately, either
combustion or pyrolysis alone fails to dispose of the UF resin residue safely. This is due to
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the formation of nitrogen-containing gases, such as ammonia (NH3), isocyanic acid
(HNCO), and hydrocyanic acid (HCN) during the thermal disposal of UF resin residue.
Hence, a low temperature pyrolysis combined with combustion was recommended for the
resin disposal [5]. This method was also not adequate because during the second
combustion process in oxygen-rich conditions, ammonia could still be oxidized to nitrogen
oxides [6], which is a well-known category of harmful wastes [7]. Therefore, thermal
disposal of pure UF resin residue or materials containing UF resin residue might not be a
good choice. For these reasons mentioned, a safe and economical disposal technology is
needed.
Recycling of wood-based panels is also facing the problems caused by UF resin
content. The prevalent recycling ways for wood-based panels include place in landfill, use
gasification, composting, and incineration processes [8, 9]. All these available technologies
are limited or even prohibited with the existence of UF resin, which usually accounts for 8
to10 w.t. % of the panel. A thermal disposal of wood-based panels could generate the same
poisonous gases as pure UF resin residue, such as HCN and HNCO [10]. A two-step
pyrolysis method, based on the discrepancies of activation energy between UF resin and
wood, has been proposed [11]. The efficiency of this method was limited since the
decomposition temperatures between wood and UF resin are close to each other, not to
mention the possible emission of pollutants. The landfill option was also no longer
acceptable for UF resin bonded wood-based panels due to the adverse and chronic effects
of the leached resin for subsoil water [12]. The reuse of UF resin was also tried by directly
dispersing UF resin residue particles in a new made UF resin to bond wood-based panels.
However, the shear strength of the obtained products decreased by 48%, even with only 6
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w.t. % of UF resin residue in the new made UF resin [13]. Consequently, the removal of
UF resin residue has been considered as the first step to dispose and recycle wood-based
panels. Some studies have been focused on hydrolytic depolymerization of UF resin
residue, based on the reversibility of UF resin synthesis reactions [14]. Compared to
thermal disposal, the hydrolysis of UF resin residues was a moderate process, which
generates no harmful gases. Indeed, the hydrolytic removal of UF resin residues from
wood-based panels via acidic solutions has shown high efficiency [15, 16]. However, the
large quantity of hydrolyzed solution, which contains formaldehyde and other chemicals
from hydrolyzed UF resin residues, becomes a new source of waste and pollutant. To date,
there has been no report on the treatment of the hydrolyzed UF resin solution for recycling
UF resin residues.
In this chapter, we tried to develop a process not only for removing or disposal of
UF resin residues, but also for producing intermediate materials for synthesizing new UF
resin. The objectives were to: depolymerize cured UF resin using a hydrolysis method with
high efficiency; characterize the chemicals from hydrolyzed cured UF resin; collect and
reuse the depolymerized cured UF resin for new UF resin preparation.
3.3
3.3.1

Materials and Methods
Materials
Paraformaldehyde (HO(CH2O)nH), in crystalline form and reagent grade, and

deuterium oxide (D2O, 99.9 atom % D) were purchased from Sigma Aldrich, USA. Urea
(NH2CONH2), in crystalline form and 98% pure, was purchased from Alfa Aesar, USA.
Sodium hydroxide beads (NaOH), ammonium sulfate ((NH4)2SO4), ammonium chloride
(NH4Cl), sodium sulfite (Na2SO3), 0.5 N and 1 N sulfuric acid (H2SO4), 1 N and 2 N
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hydrochloric acid (HCl), certified ACS plus, were all purchased from Fisher Scientific,
USA. All chemicals were used as received without further purification, except for dilution
to achieve different desired concentrations. Southern pine (Pinus palustris spp.) wood
tangential strips with dimensions of 4 in. × 1 in. × 0.16 ± 0.01 in. (101.6 mm × 25.4 × 4 ±
0.254 mm, longitudinal × tangential × radial) were cut from randomly selected lumber (2
in. × 4 in.), which was purchased from a local store in Starkville, Mississippi, USA.
3.3.2

UF resin preparation
In this work, cured UF resin was used to mimic the UF resin residues. A liquid UF

resin with a 1.2 formaldehyde to urea (F/U) molar ratio was prepared by following two
steps of urea addition [17]. Typically, paraformaldehyde (93 g) was dissolved in distilled
water (93 g) at an alkaline condition (pH=8.0). The solution was heated to 70 °C. Then, the
first part of urea (96 g) was added in the formaldehyde solution for the methylolation
reaction to occur. The 1 N hydrochloric acid (HCl) or sulfuric acid (H2SO4) and 1 N sodium
hydroxide (NaOH) were used to adjust pH values during UF resin synthesis. Later, the
reaction was followed by a polycondensation or polymerization reaction under an acidic
condition (pH=4.8) until the reactant reached a target viscosity of QR (Gardner Holdt
Bubble). Then, the second urea (59 g) was added. The UF resin obtained was finally
adjusted to an alkaline condition (pH=8.0) to stop polymerization. For each pH value
control acid type (HCl and H2SO4), three replicates of UF resin were prepared. The
measured average viscosity for all the resins was 300 mPa·s (Viscosity Meter DV-I Prime,
Brookfield, USA) with an average solid content of 64.8% (Moisture Balance, CSC
Scientific, Inc. USA).
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3.3.3

UF resin hydrolysis by acid solution
In this experiment, the influence factors of hydrolysis were determined first. In

detail, two types of acid (H2SO4 and HCl) as pH adjusters, two types of hardener
((NH4)2SO4 and NH4Cl), and two types of acid (H2SO4 and HCl) for hydrolysis were tested
with a 23 full factorial design with three replicates as shown in Table 3.1.
Table 3.1

Cured UF resin hydrolysis design

Hydrolysis Approach
A
B
C
D
E
F
G
H

pH Control Acid
H2SO4
H2SO4
HCl
HCl
H2SO4
H2SO4
HCl
HCl

Hardener
(NH4)2SO4
NH4Cl
(NH4)2SO4
NH4Cl
(NH4)2SO4
NH4Cl
(NH4)2SO4
NH4Cl

Hydrolysis Acid
H2SO4
H2SO4
H2SO4
H2SO4
HCl
HCl
HCl
HCl

Replicates
3
3
3
3
3
3
3
3

The UF resins were cured respectively with hardeners ((NH4)2SO4 and NH4Cl, at
1% addition of 20% hardener solution, based on resin solid content) at 120 °C for 2 h. In
addition, 100 g of UF resin from each resin sample listed in Table 3.1 was cured. Then, the
cured UF resins were ground to particles (≤ 28 mesh, ~595µm) with a ceramic mortar and
pestle and hydrolyzed in assigned acids (H2SO4 and HCl) of 1 N solution at 120 °C for 4 h
using hydrothermal autoclaves. There were 24 runs (8 hydrolysis approaches and 3
replicates) made in total. In each run, 2 g of cured UF resin particles were added into 20
mL of acid solution. The efficiency of resin hydrolysis process was measured by the mass
loss ratio of solid resin using Equation 3.1. The remaining solid resin was separated from
the hydrolyzed solution and dried before obtaining a weight measurement.
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𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 (%) =

𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙 −𝑚ℎ𝑦𝑧𝑑𝑟𝑜𝑙𝑦𝑧𝑒𝑑
𝑚𝑖𝑛𝑖𝑡𝑖𝑎𝑙

× 100%

(3.1)

Where:
minitial = weight of resin solid before hydrolysis;
mhydrolyzed = weight of remaining solid resin weight after hydrolysis.
After the determination of the most efficient approach of cured UF resin hydrolysis,
an experiment to optimize hydrolytic operational parameters was conducted with 32 full
factorial design and 3 replicates as shown in Table 3.2. The operational parameters were
temperature and process time. In total, there were 27 runs and cured resin mass loss was
recorded.
Table 3.2

Factors and levels determination for UF resin acid hydrolysis

Factors
Temperature (°C)
Time (h)

100
2

Levels
120
4

Treatment Combinations

Replicates

9

3

140
6

Note: 2 N concentration of acid was used for all the experiments

3.3.4

UF resin hydrolysis by formaldehyde solution
In this experiment, 3 concentrations (20, 30, and 40 w.t. %) of formaldehyde water

solution were used to hydrolyze cured UF resin. The obtained optimized parameters, such
as temperature and time, were adopted from acid hydrolysis experiment of Section 3.3.3.
Again, 2 g of UF resin particles was added into 20 mL of formaldehyde solution in each
run, with three replicates. The efficiency of resin hydrolysis was measured by mass loss
ratio of the solid resin as indicated by Equation 3.1. The formaldehyde concentration before
and after the hydrolysis process was measured according to ASTM D 2194-02 [18]. This
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method is a titration process, which titrates formaldehyde in a sodium sulfite solution (125
g/L) with 0.5 N H2SO4. In detail, the concentration was calculated with the Equation 3.2:
W=

[(𝑉−𝐵)×𝑁×𝐹]
𝑆

× 100

(3.2)

Where:
V = 0.5 N H2SO4 required for titration of the specimen, ml,
B = 0.5 N H2SO4 required for titration of the blank, average, ml,
N = normality of the H2SO4,
F = 0.03003 (the milliequivalent weight of formaldehyde), and
S = sample used, g.
3.3.5

Chemical analysis of hydrolyzed UF resin
ATR-FTIR analysis. To characterize chemical structures of UF resin and products

after cured UF resin hydrolysis, the attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR, Spectra two, PerkinElmer Inc. USA) was used to collect the
data of the chemical bonds. All the liquid samples were applied on the instrument crystal
surface. The set resolution was 1 cm-1, data interval was 0.25 cm-1, and 4 scans were
collected for each spectrum.
XRD analysis. To explore the influence of crystallinity on cured UF resin
hydrolysis, the X-ray diffraction (XRD) patterns of cured UF resin particles were collected
on an X-ray diffractometer (Ultima III, Rigaku Corporation, Japan) using CuK α
(λ =1.5418 Å) radiation, operated at 40 kV and 44 mA at a rate of 3° min-1 and 2θ from
10~60°. A glass sample holder was used for the UF resin powder. The data analysis was
conducted by MDI Jade 2010 software (MDI, Materials Data, Inc. USA).
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GC-MS analysis. To identify the substances from cured UF resin hydrolysis, the
hydrolyzed solutions obtained from different UF resin hydrolytic methods were analyzed
using a gas chromatography-mass spectrometry (GC-MS, QP-2010S, Shimadzu, Japan). A
capillary column (HP-5, 30 m × 0.25 mm × 0.25 μm) was employed to separate the
solutions. The GC oven temperature was programmed to start at 30 °C, held for 2 min, and
then raised to 280 °C at a rate of 30 °C, held for 3 min. The injection port temperature was
60 °C, while the injections were conducted in a split mode with a split ratio of 70. The end
of the column was directly introduced into the ion source of RTX-5 MS mass detector
operated with electron impact ionization mode at 275 °C. The mass scan ranged from 10
to 500 m/z.
NMR analysis. The hydrogen-1 proton nuclear magnetic resonance (1H NMR)
spectroscopy characterization was used to understand the chemical structure of products
from cured UF resin hydrolysis. Prior to the measurements, the water of the hydrolyzed
solutions was removed in a rotary evaporator. Then, the residues from the evaporated
solutions were dissolved in D2O (10~20 mg in 0.5 ml D2O). All the NMR (nuclear
magnetic resonance) spectra were performed on a Bruker Advance III 300 MHz
spectrometer (1H NMR, Bruker, Billerica, USA). Data for 1H NMR were reported as
chemical shift (δ ppm).
3.3.6

Bonding strength analysis
The bonding strength of UF resin was measured by lap shear tests in according with

ASTM D 906-98 [19]. In this test, the prepared resin was applied to the ends of wood strips
(0.5 g~0.55 g/cm3, MC=8%) covering 1 inch2 ± 0.01 (645.16 mm2 ± 0.06) area with an
average resin loading of 0.06 g/inch2 (93 g/m2) on one side. Two resin-coated strips were
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bonded together under pressure of 200 psi (1.37 MPa), and at 130 °C for 5 min using a
laboratory-scale hot press (Carver Laboratory Press, Fred S. Carver, Inc. USA) [20].
Finally, the samples were cooled down naturally and conditioned at ambient temperature
for a week before mechanical tests were conducted. In detail, samples were tested by
tension loading using an Instron 5566 dual-column testing system (Instron, USA) fitted
with fish scale gridded wedge grips. The applied crosshead speed was 0.08 inch/min (2
mm/min). Lap shear strength was reported at break load (psi). The measured bonding area
was recorded before the lap shear test was used to calculate the bonding/shear strength.
3.3.7

Data analysis
All the data was analyzed using a F-Test at alpha 0.05 level of significance, Fisher’s

least significant difference (LSD) multiple comparisons, and an ANOVA table with SAS
9.4 software (SAS Institute, USA). Figures were obtained using Origin 9.0 software
(OriginLab, USA). The standard deviation of each data set was used as error bar in the
figures.
3.4
3.4.1

Results and discussion
Effects of cured UF resin hydrolysis by acid solution
The hydrolytic feature of cured UF resin has been studied for a long time [14, 21].

These studies mainly focused on formaldehyde emission from the reversibility of chemical
links in the cured resin network. This was understood that the hydrolytic depolymerization
of UF resin can be accelerated with high temperature and under strong acidic conditions
[22]. However, there was no quantitative analysis of UF resin hydrolysis, nor guidelines
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for complete resin hydrolyzing approaches. In addition, the influence of acid and hardener
types for resin synthesis to hydrolytic process has been ignored.
Herein, all the possible influence factors of UF resin hydrolysis have been
considered, including acid type for adjusting pH values, hardener for curing, and acid type
for hydrolysis. The hydrolytic efficiency of the three variables combinations for the cured
UF resin is shown in Figure 3.1. The results show that the approach, with using HCl as the
pH adjuster, (NH4)2SO4 as the hardener, and HCl as the hydrolytic acid, yielded the highest
efficiency (41% of cured resin mass loss) when hydrolyzing cured UF resin under 120 °C
and 4 h of hydrothermal process. Nevertheless, this approach resulted in no significant
difference to the other HCl hydrolytic process, at α=0.05 level of significance. This
indicates that the pH adjuster acids and hardener types had no significant influence on
hydrolyzing cured UF resin while using HCl for hydrolysis. This conclusion was also true
for the hydrolysis approaches using H2SO4 for hydrolysis (Figure 3.1).
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Figure 3.1

Mass loss ratios of cured UF resins after hydrothermal hydrolysis (120 °C,
4 h) with different combinations of influential factors: A (000), B (010), C
(100), D (110), E (001), F (011), G (101), and H (111) [the first number
was assigned to acidic adjusters of H2SO4 (0) and HCl (1) during resin
preparation; the second number was assigned to hardeners of (NH4)2SO4
(0) and NH4Cl (1) for resin curing; and the third number was assigned to 1
N acidic solutions of H2SO4 (0) and HCl (1) for resin hydrolysis]

To enhance UF resin hydrolytic stability, suitable modifiers were made to
neutralize acidic catalyst such as NH4Cl [23]. This experiment proved that acid catalyst for
resin curing could not improve the hydrolytic depolymerization of cured UF resin with the
hydrothermal method. The interactions between acidic pH adjusters or hardeners and acids
for hydrolysis were also not significant based on our results from the ANOVA table. The
type of acidic solution was the only significant variable in cured UF resin hydrolysis. In
addition, all the HCl resulted in significantly higher efficiency than H2SO4 as shown in
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Figure 3.1. This indicates that HCl was more suitable to break down the chemical
connections in the UF resin network.
After determination of the significant variable for cured UF resin hydrolysis, the
influence of hydrothermal conditions was explored. The effects of temperature and acid
concentration on cured UF resin hydrolysis are shown in Figure 3.2 (a). Under 100 °C and
2 h of hydrothermal process, there was no significant difference between water, 1 N HCl,
and 2 N HCl with respect to cured UF resin mass loss. Even the high concentration of HCl
only resulted in 16% mass loss. When the temperature was increased from 100 to 120 °C
and all the way to 140 °C, both acidic solutions resulted in statistically significant greater
mass loss than water. Additionally, the higher concentrations of HCl showed statistically
significant greater mass loss than lower concentrations. This indicates that temperature was
the significant factor, which was proved by other’s findings [16]. Acidic hydrolysis of the
cured UF resin only showed greater advantage over water at high temperature
hydrothermal hydrolysis. The conclusion was also confirmed in the experiments of
exploring the interactions between time and temperature when using 2 N HCl for
hydrolysis, as shown in Figure 3.2 (b). At 100 °C and 140 °C, the increase of hydrothermal
time from 2 h to 6 h only increased the cured UF resin mass loss from 16% to 24% and
from 81% to 92%, respectively. Only with 120 °C, the increase of time from 2 h to 4 h
significantly increased the UF resin mass loss from 39% to 73%. The reason for the slight
increase of mass loss for 140 °C hydrothermal process with additional time might be
attributed to the change of pH value in the solution. As shown in Figure 3.3, from 2 to 6 h,
the pH value changed from 0.40 to 6.78. The acidic solution was neutralized along with

45

the hydrolysis, while the NH4OH produced may delay or even prevent the cured UF resin
from further depolymerization [24].

Figure 3.2

(a) Cured UF resin mass loss ratios after 2 h of hydrothermal hydrolysis
with water, 1 N HCl, and 2 N HCl at 100 °C, 120 °C, and 140 °C,
respectively; (b) cured UF resin mass loss ratios after hydrothermal
hydrolysis in 2 N HCl with 2 h, 4 h, and 6 h at 100 °C, 120 °C, and 140 °C,
respectively

Figure 3.3

The change of pH values over time with cured UF resin hydrothermal
hydrolysis at 140 °C in 2 N HCl
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Based on these experiments, we recommended that the cured solid UF resin should
be hydrolyzed using acidic solution at a high temperature of 140 °C, since with 2 N HCl,
the hydrothermal condition of 140 °C and 2 h yielded the mass loss of 81%, while at 120
°C it took 6 h to reach this same value.
3.4.2

Effects of cured UF resin hydrolysis by formaldehyde water solution
In the previous experiments (Section 3.4.1), 20 mL of 2 N HCl depolymerized more

than 1.6 g of cured UF resin completely with 140 °C and 2 h of hydrothermal process.
Although the acidic solution could hydrolyze cured UF resin with such high efficiency, it
inevitably causes many environmental problems. The acidic solution after hydrolysis needs
to be purified before disposal. Effective outcomes for new resin preparation from the
solution are difficult to separate and extract. In addition, 2 N HCl is a relatively high cost
corrosive solution. Hence, acidic hydrolysis might not be good for recycling and disposal
of cured UF resin economically and environmental friendly.
Formaldehyde is one of the major raw materials for UF resin preparation. The
reversibility of chemical links in UF resin could also be applied for cured resin hydrolysis.
Therefore, the excess amount of formaldehyde might depolymerize cured UF resin under
high temperature hydrolytic conditions. Based on these assumptions and former
experiments, formaldehyde solutions were used to hydrolyze cured UF resin with 140 °C
and 2 h hydrothermal process. In addition, literature review shows that the formaldehyde
decomposition temperature is at 150 °C, showing that the selected hydrolytic parameters
were reasonable [25]. The hydrolytic efficiency of formaldehyde water solution is shown
in Figure 3.4 (a). To our surprise, 20 mL of 20 w.t. % formaldehyde water solution
(pH=6.3) depolymerized 1.3 g (65% mass loss) of cured UF resin. This efficiency was even
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higher than 1 N HCl under the same hydrolysis conditions. Moreover, the mass loss ratio
of cured UF resin increased along with the increase of formaldehyde concentration. With
the same initial pH value to 20 w.t. % of formaldehyde solutions, the 30 w.t. %
concentration was accounted for 76% of mass loss, while the 40 w.t. % concentration
accounted for 80% of cured resin mass loss, respectively. The efficiency for 40 w.t. %
formaldehyde water solution was equal to 2 N HCl. Compared to 2 N HCl, formaldehyde
solution was cheaper and safer to handle. The 40 w.t. % of formaldehyde surpasses the
saturation point (37 w.t. %) of formaldehyde water solution at ambient temperature.
Therefore, 30 w.t. % of formaldehyde water solution was chosen for further studies.

Figure 3.4

(a) Cured UF resin mass loss ratios after hydrothermal hydrolysis (140 °C,
2 h) with 20 w.t. %, 30 w.t. %, and 40 w.t. % of formaldehyde water
solution, respectively; (b) influence of pH values to the mass loss ratios of
cured UF resin hydrothermal hydrolysis (140 °C, 2 h) in 30 w.t. %
formaldehyde water solution

The influence of initial pH values of 30 w.t. % formaldehyde solution to the mass
loss of cured UF resin is shown in Figure 3.4 (b). All the experiments were conducted with
140 °C and 2 h of hydrothermal process. The pH values higher than 6 were selected since
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low pH value (< 6) was not good for dissolving paraformaldehyde in water. The increase
of pH value from 6 to 8 resulted in a significant increase of cured UF resin mass loss ratio
from 75% to 83%. The mass loss ratio between pH values of 8 and 10 were close to each
other. Nevertheless, the pH value of 12 resulted in only 56% mass loss of cured UF resin.
The results indicate that the influence of pH value to HCl and formaldehyde solution was
inverse to pH increase. Therefore, it is better to use formaldehyde water solution to
hydrolyze cured UF resin under weak alkaline conditions. Furthermore, the biggest
advantage to use formaldehyde solution to hydrolyze or to recycle cured UF resin is that
the hydrolyzed solution might be directly used for new UF resin preparation. With this
idea, no purification or extraction process is needed to deal with the hydrolyzed solutions.
This is a completely recycled approach for UF resin residues. This approach needs to be
verified regarding the analysis of hydrolyzed formaldehyde solutions. The major work is
to determine whether the formaldehyde solution, after UF resin hydrolysis, could do the
same work as virgin formaldehyde solution.
3.4.3
3.4.3.1

Chemical analysis of hydrolyzed cured UF resin solutions
ATR-FTIR analysis
The ATR-FTIR spectra of virgin 2 N HCl and 2 N HCl after hydrolysis of cured

UF resin are shown in Figure 3.5 (a). It was understandable that the absorption peaks for
virgin 2 N HCl were attributed to water (H2O) [26]. With 2 h and 100 °C of hydrothermal
process, no new peaks could be detected on the spectrum of hydrolyzed 2 N HCl. With the
hydrothermal temperature of 120 °C, additional mass of cured UF resin was hydrolyzed
with 2 N HCl within 2 h than with the 100 °C case. The related spectrum shows absorption
peaks at 1030 and 1454 cm-1, which were attributed to -CH2 stretching and C-N bending,
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respectively [27]. The intensity of these peaks was enhanced with higher temperature
hydrolysis, which means the concentration of chemicals from hydrolyzed cured UF resin
has been increased significantly. This finding also matches its mass loss data, as shown in
the spectrum of 140 °C. The details of the chemicals in the hydrolyzed HCl solution need
further analysis.

Figure 3.5

ATR-FTIR spectra of (a) untreated 2 N HCl and 2 N HCl after 2 h of cured
UF resin hydrothermal hydrolysis at 100 °C, 120 °C, and 140 °C,
respectively; (b) untreated 30 w.t. % formaldehyde solution and the
solution after cured UF resin hydrothermal hydrolysis (140 °C, 2 h, initial
pH value: 8)

The ATR-FTIR spectra of the virgin formaldehyde solution (30% F) and the
solution after hydrolyzing cured UF resin (hydrolyzed 30% F) were similar to each other,
as shown in Figure 3.5 (b). This indicates that the major chemical in the hydrolyzed 30%
F was still formaldehyde. There was one new absorption peak at 1510 cm-1 for hydrolyzed
30% F, which was assigned to amide II (-NH-R) bands [28]. The observation of the new
peak indicates that the cured UF resin might be broken down into some intermediate
chemicals, which might be the same chemicals during UF resin synthesis. This suggests
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that the hydrolyzed formaldehyde solution could be directly used for new UF resin
preparation.
3.4.3.2

XRD analysis
In this part, we tried to explore the influence of crystalline regions to cured UF resin

hydrolysis. It was understood that the crystalline regions have higher stability than
amorphous regions in cured UF resin. Thus, the increase of crystallinity could increase UF
resin’s water resistance [29]. As shown in Figure 3.6 (a), the peaks in the XRD pattern of
untreated cured UF resin (Raw) confirmed the existence of crystalline regions [30].
However, the XRD patterns between UF resin residues after 2 N HCl hydrolysis and
untreated UF resin (Raw) were similar to each other. This indicates that the crystallinity of
all the resin samples were similar. Therefore, the crystalline regions have no better
resistance than amorphous regions toward hydrothermal hydrolysis. In addition, the
residues, which were obtained from evaporated 2 N HCl solution after cured UF resin
hydrolysis, presented strong peaks of NH4Cl crystal structure, as shown in Figure 3.6 (b).
The longer the hydrolysis time at 140 °C, the higher the intensity of NH4Cl crystal peaks.
This result supports that the neutralizing of NH4OH from hydrolyzed cured UF resin caused
the increase of pH value in 2 N HCl solution. Once again, the chemicals from acidic
hydrolysis might not be appropriate for new UF resin synthesis since acidic hydrolysis
resulted in the formation of NH4Cl as final product. On the other hand, the products from
2 N HCl hydrolysis proved its feasibility in UF resin residues disposal. The outcome,
NH4Cl, was a useful chemical product, which was easier to handle than HCN and HNCO
from UF resin residues thermal disposal.
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Figure 3.6

3.4.3.3

XRD patterns of (a) cured UF resins before and after 2 h of hydrothermal
hydrolysis at 100 °C, 120 °C, and 140 °C in 2 N HCl, respectively; (b)
evaporated residues from hydrolyzed cured UF resin solutions with 2 h, 4
h, and 6 h of hydrothermal hydrolysis at 140 °C in 2 N HCl

GC-MS analysis
To further explore the chemical products from the cured UF resin hydrolysis, the

GC-MS analysis was conducted. As shown in Figure 3.7 (a), the mass spectrum of virgin
formaldehyde water solution (30 w.t. %) only showed mass peaks before 50. The peaks,
such as 18 and 28, indicate the molecules or fragments of molecules from water (H2O, 18)
and formaldehyde (CH2O, 30), respectively. To explore the possible changes of
formaldehyde solution during the hydrothermal process, the mass spectrum of
formaldehyde solution (30 w.t. %, and without hydrolysis of cured UF resin) after 2 h and
140 °C of hydrothermal process is shown in Figure 3.7 (b). The two spectra were almost
the same, which indicates that the hydrothermal process resulted in no formaldehyde loss.
The mass spectrum of 2 N HCl solution after 2 h and 140 °C of cured UF resin hydrolysis
also showed mass peaks only before 50, as shown in Figure 3.7 (c). The formaldehyde
concentration of hydrolyzed 2 N HCl was much lower than the hydrolyzed formaldehyde
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solution (30 w.t. %, with cured UF resin), as shown in Figure 3.7 (d). From GC-MS
analysis, the mass spectra between all formaldehyde solutions were similar to each other.
However, other chemicals from the hydrolysis process could not be found here. Further
verification is needed.

Figure 3.7

GC-MS spectra of (a) virgin 30 w.t. % of formaldehyde solution; (b) 30
w.t. % of formaldehyde solution without cured UF resin; (c) 2 N HCl with
cured UF resin; (d) 30 w.t. % of formaldehyde solution with cured UF resin
(b, c, and d were processed with 2 h and 140 °C of hydrothermal
hydrolysis, respectively)

The actual formaldehyde concentration in each case was also measured using the
previously mentioned titration method, as shown in Table 3.3. The virgin formaldehyde
solution (a) was prepared by dissolving paraformaldehyde in water. The results confirmed
the analysis of GC-MS and ATR-FTIR. The major chemical in formaldehyde solution,
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regardless of cured UF resin hydrolysis, was formaldehyde. Compared to the formaldehyde
solution of (b), the decrease of formaldehyde concentration after cured UF resin hydrolysis
might have been caused by the formaldehyde involved depolymerization of chemical
structures in the cured UF resin network.
Table 3.3

Formaldehyde concentrations (30 w.t. %) before and after hydrolysis

Formaldehyde Solutions
Fresh prepared (a)
Fresh prepared after hydrothermal process (b)
Fresh prepared after cured UF resin hydrolysis (d)

Measured Concentration (w.t. %)
28.9 (0.014)
29.4 (0.017)
24.5 (0.016)

Note: a, b, and d represent the solutions in GC-MS analysis; the number in parentheses of the
measured concentration is the coefficient of variation

3.4.3.4

1H

NMR analysis

The residues from evaporated solutions of the cured UF resin hydrolysis were
characterized using 1H NMR. A typical 1H NMR spectrum from the residues of hydrolyzed
solutions is given in Figure 3.8. The sharp peak in 1H NMR chemical shifts (ppm) was 4.70
ppm, which was attributed to -CH2- related chemical connections [31]. The other weak
chemical shifts, such as 6.91 ppm and 7.10 ppm, were assigned to substituted -NH.
Combined with the ATR-FTIR analysis, the resulted major chemical products from the
cured UF resin hydrolysis were -CH2- connected structures. The connected chemical bonds
also form amide II structure. Therefore, the hydrolyzed chemical products could be
assigned to fragments from cured UF resin network, such as -N-CH2- and -O-CH2-, as
shown in the chemical formulas of Figure 3.8. Combined all the chemical analysis, it was
reasonable that the cured UF resin could be hydrolyzed to the intermediate chemicals,
which were the same chemicals in UF resin synthesis. Hence, the hydrolyzed products,
either from acidic or formaldehyde solution hydrolysis could be directly used for a new UF
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resin preparation. Considering the low concentration of these products in hydrolyzed acidic
solutions, formaldehyde solution hydrolysis was a better choice since no purification
process or post-treatment was needed. The formaldehyde solution itself was the raw
material; whereas, the addition of the intermediate chemicals had no negative effects on its
resin synthesis. This approach, which uses formaldehyde solution for cured UF resin
hydrolysis, is a technique to dispose of and recycle UF resin residues, both as an
economically cost effective and environmental friendly method.

Figure 3.8

3.4.4

1

H NMR spectrum of chemicals in hydrolyzed cured UF resin solution after
hydrothermal hydrolysis (140 °C, 2h) in 2N HCl

Comparison of original and recycled UF resin
To verify our assumptions and to prove the feasibility of the hydrolytic process for

recycling and disposal of UF resin residues, the formaldehyde solution, after hydrolysis of
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cured UF resin, was used directly to make new UF resin (the new UF resin was named as
used UF resin: UUF resin). In this part, as discussed earlier, the concentration of
formaldehyde solution used for cured UF resin hydrolysis was 30 w.t. %. The density of
30 w.t. % formaldehyde solution was measured as 1.08 g/mL. For each 20 mL of the
solution, about 1.70 g of solid UF resin was hydrolyzed. In the measurement of mass loss
during UF resin curing, we found that 1.0 g of cured 1.2 F/U molar ratio UF resin consumed
0.66 g of paraformaldehyde, 0.66 g of water, and 1.10 g of urea. The weight of raw
materials was much higher than the obtained UF resin, since free water and water from
condensation reactions were evaporated during the UF resin curing process [32]. For the
UUF resin synthesis, a total of 100 ml 30 w.t. % formaldehyde solution was used to
hydrolyze 10.0 g of cured UF resin. After the hydrothermal hydrolysis process, about 8.5
g of cured UF resin was hydrolyzed. Then, 97.4 ml (103.8 g) of hydrolyzed formaldehyde
solution was collected for UUF resin synthesis. In this solution, it contained 8.3 g of
hydrolyzed cured UF resin, which accounted for 5.5 g of formaldehyde and 9.2 g of urea.
With this information, the addition of raw materials for UF resin and UUF resin synthesis
is shown in Table 3.4. The synthesis procedure was the same method as described for the
UF resin preparation.
Table 3.4

Raw materials for UF resin and UUF resin preparation

Materials
UF resin
UUF resin
Hydrolyzed formaldehyde solution (g)
None
103.8
Paraformaldehyde (g)
93.0
58.8
Urea (g)
155.0
145.8
Water (g)
93.0
32.6
Total (g)
341.0
341.0
Note: 103.8 g of hydrolyzed formaldehyde solution used about 28.7 g of paraformaldehyde
for hydrolysis.
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The viscosity and solid content of the UF and the UUF resin were similar to each
other, which resulted in 230 mPa·s and 64.5%, respectively. The hydrolyzed resin
accounted for nearly 6 w.t. % of the entire resin. In addition, as shown in Figure 3.9 (a),
the ATR-FTIR spectra of UF resin and UUF resin were almost the same, which refers to a
typical UF resin [30]. This finding illustrates that the UUF resin was composed of the same
chemical structures of normal UF resin. The bonding strength of the UF and the UUF resin
was also explored, as shown in Figure 3.9 (b). The average bonding strength of the two
resins were 535 and 570 psi, respectively. The difference in the bonding strength between
the two resins were not statistically significant at α=0.05. Therefore, either from a chemical
structure view or from the view of the bonding strength, the UUF resin could be used as
normal UF resin. Once again, the results confirmed that cured UF resin could be
depolymerized to intermediate chemicals by a formaldehyde solution, and the solution
could be directly used in the new UF resin synthesis.

Figure 3.9

(a) ATR-FTIR spectra of normal UF resin and UF resin made from 30 w.t.
% formaldehyde solutions after cured UF resin hydrolysis (UUF); (b) lap
shear strength of wood specimens bonded with normal UF resin and UUF
resin
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3.5

Conclusions
In this work, a hydrothermal hydrolysis was studied to mimic the removal and

recycling of UF resin residues. In the hydrothermal hydrolysis, temperature was the most
significant factor affecting the efficiency of cured UF resin mass loss. The observed
optimized condition was 140 °C and 2 h of hydrothermal process with either 2 N HCl or
30 w.t. % formaldehyde water solution for hydrolyzing cured UF resin. Both generated
approximately about 83% of cured UF resin mass loss. From chemical analysis, including
ATR-FTIR, XRD, GC-MS, and 1H NMR, the 2 N HCl hydrolyzed cured UF resin could
form NH4Cl as a final product. For formaldehyde water solution, the hydrolyzed solution
could be directly used to make new UF resin, as the synthesized resin functioned the same
as a normal UF resin. This work showed the feasibility of using hydrothermal hydrolysis
to dispose of and recycle UF resin residues. This new method shows many advantages over
other previous methods, such as it is environmental friendly, relative low cost, and easy
processing.
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CHAPTER IV
PREPARATION AND CHARACTERIZATION OF HYBRID RESIN FROM USED
UREA FORMALDEHYDE AND ISOCYANATE RESIN
4.1

Abstract
Hybrid resins composed of polymeric 4-4 diphenyl methane diisocyanate (pMDI)

and used urea formaldehyde (UUF) resins were prepared and studied. In these hybrid
resins, high ratios of pMDI (e.g., 20%) were evenly dispersed in UUF resins by using
acetone as the solvent for pMDI. The viscosity of a hybrid resin contained 15% of pMDI
only changed from 216 to 424 mPa·s with 30 h of storage. Chemical composition analysis
showed that the free isocyanate groups were reacted with hydroxyl groups in the hybrid
resins within 2 h. From the curing kinetic analysis, even without active isocyanate groups,
the hybrid resins still showed lower curing peak temperature and Kissinger activation
energy than UUF resin. Moreover, the hybrid resins presented significant higher dry and
wet tensile shear strength than UUF resin. The effective time of a hybrid resin with 15%
pMDI reached up to 12 h. This study developed a new method to modify UF resin with
pMDI. These results also proved the feasibility of using hybrid resins in wood-based
composites manufacturing.
4.2

Introduction
Urea formaldehyde (UF) resins are still the most commonly used adhesives in the

manufacturing of wood-based composites, such as medium density fiber board,
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particleboard, and hardwood plywood. The major advantages of UF resin over other wood
adhesives include relative low price, clear color, and good water solubility [1]. On the other
hand, UF resin bonded wood-based composites are intended for interior applications. This
is determined by the low water resistance property of UF resin. To improve the water
resistance, numerous studies have been conducted on UF resin modifications. One of the
frequently studied method in the modification is trying to copolymerize isocyanate resins
with UF resin. Isocyanate resins have many outstanding features, such as high water
resistance and good bonding stability. The most attractive aspect to use isocyanate resin
for UF resin modification is attributed to the possible chemical reactions between these
two resins. It is reported that the isocyanate groups (-NCO) in isocyanate resins could react
with methylol groups (-CH2-OH) in UF resins to form methylene cross-links and urethane
bridges (-CH2OOC-NH-) [2, 3]. Unfortunately, these reactions need to compete with the
reactions between isocyanate groups and hydroxyl groups of water, since UF resins
normally contain 35~40% of water. The side reactions are undesired. Even with these
negative effects, small amounts addition of polymeric 4-4 diphenyl methane diisocyanate
(pMDI) based resins into UF resins could still increase the water resistance [4] and shorten
the hot-pressing time of wood-based composites [5]. All these results have been
encouraging researches on the hybrid resin.
The reaction between isocyanate groups and water is the key issue in the hybrid UF
and isocyanate resin. The addition of isocyanate resin is usually less than 15% of total resin
weight. The side reaction causes the difficult dispersion and waste of isocyanate resins.
Hence, the general goal is to avoid the undesired reactions. One possible solution is to
block the isocyanate groups before blending isocyanate resins with UF resins [6]. In the
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blocked isocyanate resin, isocyanate groups are usually masked or protected using a
blocking agent. The blocked isocyanate groups are inert at room temperature and usually
yield the reactive isocyanate functionality at elevated temperatures [7]. This makes the
blocked isocyanate resin water dispersible. Theoretically, the mechanism of blocking and
de-blocking meets the requirements for wood adhesives. For example, the blocked
isocyanate resin could mix with UF resin at room temperature and be de-clocked at hotpressing temperature. However, the blocking of isocyanate resin is a time consuming and
high-cost process for wood adhesive. In addition, a little portion (e.g. 1 w.t. %) of blocked
isocyanate resin in UF resin could not change the hybrid resin property in a significant
level [8]. A good dispersion method of isocyanate resin for UF resin modification is still
need more research efforts.
In this chapter, the objectives were to: develop a method for blending high ratios of
pMDI with used UF resins (UUF); study the viscosity change, chemical composition,
curing property, and bonding strength of the hybrid pMDI and UUF resins.
4.3
4.3.1

Materials and methods
Materials
Hard maple (Acer saccharum) veneers with dimensions of 20 × 20 × 0.125 inch

(508 × 508 × 3.175 mm), were purchased from Dimension Hardwoods, USA. Hard maple
strips were cut from the veneers to dimensions of 4 × 1 inch (101.6 × 25.4 mm) with the
wood grain parallel to the length direction. All the wood strips were conditioned in a
conditioning room at a temperature of 23 ± 2 °C and a relative humidity of 50 ± 5% for a
week before further experiments.
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Paraformaldehyde (HO(CH2O)nH), in crystalline form and reagent grade and
acetone (CH3OCH3), HPLC plus and 99.9% pure were purchased from Sigma Aldrich,
USA. Urea (NH2CONH2), in crystalline form and 98% pure, was purchased from Alfa
Aesar, USA. Sodium hydroxide beads (NaOH), ammonium sulfate ((NH4)2SO4),
ammonium chloride (NH4Cl), 1 N sulfuric acid (H2SO4), certified ACS plus, were all
purchased from Fisher Scientific, USA. Standard pMDI (Rubinate M isocyanate), with
31.0% of -NCO content, was purchased from Huntsman corp., USA. All chemicals were
used as received without further purification, except for dilution to achieve different
desired concentrations.
4.3.2

UUF resin preparation
A UUF resin with a 1.2 formaldehyde to urea (F/U) molar ratio was prepared by

following two steps of urea addition [9]. Prior to UUF resin synthesis, the formaldehyde
solution was used to hydrolyze cured UF resin, which followed the details in Chapter III.
Typically, 100 ml of 30 w.t. % formaldehyde solution was used to hydrolyze 10.0 g of
cured UF resin. After the hydrolysis process, about 8.5 g of cured UF resin was hydrolyzed.
Then, 97.4 ml (103.8 g) of hydrolyzed formaldehyde solution was collected for UUF resin
synthesis. In this solution, it contained 8.3 g of hydrolyzed cured UF resin, which
accounted for 5.5 g of formaldehyde and 9.2 g of urea. The unbalanced weight was mainly
attributed to the evaporation of water, which was generated by dehydration condensations
in the resin curing process. With this information, the addition of raw materials for normal
1.2 F/U molar ratio UF resin and UUF resin synthesis is shown in Table 4.1. The synthetic
procedure was the same as described in the previous work. The viscosity and solid content
for all the UUF resins was measured using a viscosity meter (Viscosity Meter DV-I Prime,
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Brookfield, USA) and a moisture balance, respectively (Moisture Balance, CSC Scientific,
Inc. USA).
Table 4.1

Raw materials for UF resin and UUF resin preparation
Materials
Hydrolyzed formaldehyde solution (g)
Paraformaldehyde (g)
Urea (g)
Water (g)
Total (g)

4.3.3

UF resin
None
93.0
155.0
93.0
341.0

UUF resin
103.8
58.8
145.8
32.6
341.0

Hybrid resin preparation
The pMDI was blended with UUF resins based on their solid contents. Prior to the

blending, pMDI was added into acetone to make a 70 w.t. % solution (e.g., 63g pMDI
dissolved in 27g acetone). The solution was added into UUF resin to make hybrid resins
with pMDI ratios from 5% to 30%, based on UUF resin solid content of 64%. The details
of the pMDI ratios in hybrid resins are shown in Table 4.2. All the viscosities of liquids
before and after hybrid resin preparation were measured.
Table 4.2

Different ratios of pMDI in hybrid resins
pMDI ratio (%)
5
10
15
20
25
30

pMDI acetone solution (g)
4.8
10.1
16.1
22.8
30.5
39.2
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UUF resin (g)
100
100
100
100
100
100

4.3.4

Chemical compositions
To characterize the chemical structures of hybrid resin, the attenuated total

reflection Fourier transform infrared spectroscopy (ATR-FTIR, Spectra two, PerkinElmer
Inc., USA) was used to collect the data of the chemical bonds. All the liquid samples were
applied on the instrument crystal surface. The set resolution was 1 cm-1, data interval was
0.25 cm-1, and 4 scans were collected for each spectrum.
4.3.5

Differential scanning calorimetry (DSC) measurements
To characterize the curing properties of hybrid resins, DSC measurements were

conducted using a Q20 DSC and the data were analyzed using the Universal analysis
software (TA instruments, USA). Typically, about 5 mg liquid resin was added into the
pan (Tzero aldo aluminum hermetic pans, TA instruments, USA) and covered with a paired
cap. A standard ramp procedure was run for each measurement. The heating rates of 2, 5,
10, and 15 °C/min were used for each resin sample with a scan range from 25 to 200 °C.
Two replicates were done for each heating rate. The related calculations of curing kinetics
were conducted using Equation 4.1 in accordance with ASTM E2890-12e1 [10]:
𝑀 ln(𝛽/𝑇 2 ) = 𝐸𝑎 /𝑅𝑇 + ln(𝐴𝑅/𝐸𝐴 )

(4.1)

Where
𝛽 is the heating rate;
𝐸𝑎 is the activation energy;
R is the gas constant with a value of 8.314 J mol-1 K-1;
A is the pre-exponential factor.
The plot of ln(𝛽/𝑇 2 ) versus 1/𝑇 is a straight line, from which the activation energy
and the pre-exponential factor can be obtained respectively.
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4.3.6

Bonding strength measurements
The bonding strength of hybrid resin was measured by lap shear tests in according

with ASTM D 906-98 [11]. In this test, the hybrid resin was applied to the ends of wood
strips (0.5 g~0.55 g/cm3, MC=8%) covering 1 inch2 ± 0.01 (645.16 mm2 ± 0.06) area with
an average resin loading of 0.06 g/inch2 (93 g/m2) on one side. Two resin-coated strips
were bonded together under pressure of 200 psi (1.37 MPa), and at 120 °C for 5 min using
a laboratory-scale hot press (Carver Laboratory Press, Fred S. Carver, Inc. USA). Finally,
the samples were cooled down naturally and conditioned at ambient temperature for a week
before mechanical tests were conducted. For wet strength, samples will be soaked at 19~27
°C water bath for 4 h, followed by drying at a temperature of 41 ± 3 °C for 19 h. This cycle
was repeated 3 times according to ASTM standard D5572-95 [12]. All the samples were
tested by tension loading using an Instron 5566 dual-column testing system (Instron, USA)
fitted with fish scale gridded wedge grips. The applied crosshead speed was 0.08 inch/min
(2 mm/min). Lap shear strength was reported at break load (psi). The measured bonding
area was recorded before the lap shear test was used to calculate the bonding/shear strength.
4.3.7

Data analysis
All the data was analyzed by using an F-Test at alpha 0.05 level of significance,

Fisher’s least significant difference (LSD) multiple comparisons, and an ANOVA table
with SAS 9.4 software (SAS Institute, USA). Figures were obtained by using Origin 9.0
software (OriginLab, USA). The standard deviation of each data set was used as error bar
in the figures.
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4.4
4.4.1

Results and discussion
Viscosity change of hybrid resin
Viscosity is one of the key parameters for wood adhesives [13]. It influences the

distribution, penetration, and usage volume of adhesives in wood-based composites.
Unlike UF resin and other polymeric resins, the industrial utilization of isocyanate resin
always meets a problem caused by the sensitivity of isocyanate groups to moisture. The
reaction between isocyanate groups and hydroxyl containing compounds occurs readily at
room temperature [14]. This causes the concerns of blending isocyanate resin with UF
resin. For example, the hybrid resin might be cured shortly with the reactions between
isocyanate resin and UF resin. In addition, it is difficult to disperse an isocyanate resin
evenly in UF resins with the ongoing reactions between them.
The most commonly used isocyanate resins in wood industry, such as pMDI,
normally have a viscosity range from 200 to 300 mPa·s. This sticky liquid resin is difficult
to be evenly dispersed in another sticky liquid resin or resin solution, especially when there
are reactions between them. To make a homogeneous hybrid resin, the viscosity of pMDI
should be lowered before adding into UUF resins. Herein, acetone was used as a solvent
for pMDI. As shown in Table 4.3, the viscosity of pMDI was decreased from 292 to 10
mPa·s when pMDI was added into acetone with 70 w.t. %. The low viscosity pMDI acetone
solution allowed an easy dispersion of pMDI when mixing it with UUF resins. Although
acetone significantly lowered the viscosity of pMDI, the solvent could not protect
isocyanate groups from reacting with hydroxyl groups in the hybrid resins. This may only
allow a short shelf or operational time for the hybrid resins.
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Table 4.3

Viscosities of resins and solutions studied
Resin/solution
pMDI
pMDI acetone solution (70 w.t. %)
Low viscosity UUF resin
High viscosity UUF resin

Measured viscosity (mPa·s)
292
10
182
323

To determine the effective time of hybrid resins, the viscosities were measured over
time once 70 w.t. % pMDI acetone solutions was added into UUF resins. A high and low
viscosity UUF resin (Table 4.3) were studied with 15% of pMDI in the hybrid resins.
Typically, the molecule weight in a high viscosity UF resin is higher than that of low
viscosity resin. In addition, pure pMDI was also mixed with high viscosity UUF resin as a
control sample. The trends of viscosity change are plotted in Figure 4.1. After blended with
pure pMDI, the viscosity of UUF resin was increased from 323 to 419 mPa·s. On the other
hand, after blended with the pMDI acetone solution, the viscosities of low and high UUF
resin were only increased to 216 and 350 mPa·s, respectively. Acetone might also be acted
as a dilution reagent for the hybrid resins. As the hybrid resins prepared, the viscosities
were gradually increased within the first 10 hours. With the help of acetone, the hybrid
resins showed slower increases on viscosity than the hybrid resin with pure pMDI resin.
After 10 hours, the viscosity of the hybrid resin with pure pMDI increased drastically, it
reached 4800 mPa·s in 30 hours. Under the same condition, the hybrid resin with pMDI
acetone solution only reached 1170 mPa·s. In addition, the hybrid resin viscosity, which
used low viscosity UUF resin, only increased from 216 to 424 mPa·s in 30 hours. This
indicates that acetone and low viscosity UUF resin are the key factors of maintaining the
viscosity of the hybrid resins.
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Figure 4.1

4.4.2

Viscosity changes of hybrid resins over time: 15% pMDI acetone solution
in low (A) and high (B) viscosity UUF resin; 15% pure pMDI in high
viscosity UUF resin (C)

Chemical composition
Acetone is a good solvent for pMDI when concerning the viscosity decreasing

effect and the protection for isocyanate groups. It was verified in this study. As shown in
Figure 4.2 (a), the 70 w.t. % pMDI acetone solution had similar absorption peaks as
compared to pure pMDI. This absorption property remained the same even with a longtime storage (e.g. 3 days). On the other hand, the isocyanate groups of pMDI reacts readily
with hydroxyl groups at room temperature. These reactions could change the chemical
compositions of the hybrid resins over time. As shown in Figure 4.2 (b), the absorption
peak at 2258 cm-1 in a hybrid resin with 15% pMDI was gradually disappeared in the
spectra. This peak represents the existence of isocyanate groups (-NCO) [15]. The absence
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of the peak occurred about 2 hours after the preparation of the hybrid resin. The isocyanate
groups involved reactions also illustrated the viscosity increase of hybrid resins.
The other absorption peaks remained the same in the hybrid resin even with the
reactions of isocyanate groups as shown in Figure 4.2 (b). The rest of the peaks were
attributed to the UUF resin, which was the same to a UF resin. For example, the absorption
peaks at 1623 and 1535 cm-1 were attributed to the stretching of carbonyl group (C=O) and
C-N stretching of secondary amines, respectively. The peak at 1255 cm-1 was attributed to
the stretching of C-N and N-H of tertiary amines. The other observed peaks of 1136 and
1000 cm-1 were assigned to C-O aliphatic ether and methylene bridge (-NCH2N-),
respectively [9]. The results indicate that the pMDI might be cured or polymerized in the
hybrid resins before its application. After the polymerization, it is assumed that solid pMDI
particles were dispersed in UUF resin. Thus, the hybrid resin might present similar
properties to pure UF resin. This needs to be verified with further studies.

Figure 4.2

ATR-FTIR spectra of (a) acetone, pMDI, and pMDI acetone solution (70
w.t. %); (b) hybrid resin with 15% pMDI (the arrow indicates the chemical
composition changes over time)
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4.4.3

Curing kinetics
To explore the influence of pMDI on the curing process of UUF resins, the curing

kinetics of hybrid resins were characterized using DSC analysis. The DSC curves for UUF
resin and hybrid resins during curing at hearting rates of 2, 5, 10, and 15 °C/min are shown
in Figure 4.3. The peak temperatures (𝑇𝑃 ) were shifted to higher temperatures with the
increase of heating rate. With the obtained peak temperatures, values for ln(𝛽/𝑇𝑝 2 ) and
1/𝑇𝑚 were calculated for each run of experimental data. The data points were plotted in
Figure 4.4 and the linear regression line was fitted for the Kissinger model. With these
linear formulas, the Kissinger activation energy and pre-exponential factor were calculated.
The results are listed in Table 4.4.

Figure 4.3

The DSC curves at different heating rates of: UUF resin (a) and hybrid
resins with 10% pMDI (b), 15% pMDI (c), and 20% pMDI, respectively
73

Table 4.4

Peak temperatures and calculated activation energy for UUF resin and
hybrid resins with various pMDI contents

UUF
10%
15%
20%

Figure 4.4

𝐸𝑎
(kJ mol-1)

𝑇𝑝 (°C)

Resins
2 °C/min
101.0
77.8
72.4
62.8

5 °C/min
106.6
83.5
78.5
78.2

10 °C/min
107.8
91.1
88.1
86.5

15 °C/min
109.9
95.3
91.6
84.2

101.0
77.8
72.4
62.8

Kissinger plots for UUF resin and hybrid resins with 10%, 15%, and 20%
of pMDI, respectively

The peak temperature for the UUF resin was observed as 101 °C at the heating rate
of 2 °C/min. With the addition of 10% pMDI, the peak temperature of the hybrid resin was
lowered to 77.8 °C. Moreover, the increase of pMDI weight ratios in hybrid resins resulted
in a continued decreasing of peak temperatures. This phenomenon was observed in each
heating rate. The results were different from the case of blending polyurethane with UF
resins [16]. Polyurethane hinders the crosslinking reactions of UF resins while pMDI
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promotes it. All the experiments were conducted at least 2 hours after the preparation of
hybrid resins. It indicates that the existence of pMDI in the hybrid resins could still increase
the curing rate even with no observed active isocyanate groups, as discussed in Figure 4.2
(b). The mechanism for this phenomenon is still unknown. The results, nevertheless, could
be useful for shortening UF resin curing time at wood-based composite manufacturing.
4.4.4

Impact of pMDI ratio on the bonding strength of hybrid resin
From the above analysis, the hybrid resins proved its advantages in the aspect of

curing properties. It is also safe to use them within 30 h when using low viscosity UUF
resin and pMDI acetone solution for the hybrid resin preparation. To further study the
practical application of hybrid resins, dry and wet tensile shear strength of hybrid resins
were tested. In this part, all the hybrid resins were used within 10 h after their preparation.
The dry bonding strength of UUF resins and hybrid resins with different ratios of pMDI
are shown in Figure 4.5 (a). The bonding strength of high viscosity UUF resin showed
higher strength (505 psi) than low viscosity UUF resin (405 psi). Low viscosity resin may
have a better wood penetration than high viscosity resin, which results in less resin in bond
line. The decreased resin volume on the bond line formation might lead to lower bonding
strength [17].
The dry bonding strength of hybrid resins were increased with the increase of pMDI
percentage. With 5% pMDI, the bonding strength of the hybrid resin with low viscosity
UUF resin was increased to 517 psi, which showed a significant improvement based on
α=0.05. The result confirmed the conclusions from the previous reports that a small amount
of pMDI could significantly improve the properties of pure UF resins. However, additional
pMDI in UF resin showed no better results [8]. In contrast to them, our data showed that
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higher ratios of pMDI in these hybrid resins resulted in greater bonding strength. The
hybrid resins with 10%, 15%, and 20% of pMDI were accounted for 626, 645, 640 psi,
respectively. They were not significant different from each other but were significant
stronger than the hybrid resin with 5% pMDI (α=0.05). With 25% of pMDI, the bonding
strength of the hybrid resin was significantly increased up to 748 psi (α=0.05). But with
further addition of pMDI of 30% in the hybrid resin, the bonding strength was decreased
to 695 psi. The results indicate that the limits of pMDI in the hybrid resins might be 25%
with respect to the improvement of the dry tensile shear strength. On the other hand, the
wet bonding strength presented a linear increase with respect to the increase of pMDI ratio,
as shown in Figure 4.5 (2). Obviously, the higher water resistance of hybrid resins was
mainly attributed to the high water resistance pMDI in the hybrid resin network. Therefore,
it concluded that a higher water resistance of the hybrid resin needs higher ratio of pMDI.

Figure 4.5

Dry and wet bonding strength of: low (A) and high (B) viscosity UUF resin
and hybrid resins with 5% (C), 10% (D), 15% (E), 20% (F), 25% (G), 30%
(H) pMDI in low viscosity UUF resin
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4.4.5

Impact of storage time on the bonding strength of hybrid resin
As mentioned before, the reactions of pMDI with hydroxyl groups occurred upon

the preparation of hybrid resins. Hence, it is important to explore the effective time of the
hybrid resins. Based on above analysis, the hybrid resin with 15% of pMDI might be a
good choice for practical applications. Since it showed better stability than 10% pMDI and
cost less than higher ratios. Based on these considerations, the hybrid resin with 15% of
pMDI was used in this part. The change of bonding strength along with time is shown in
Figure 4.6. It resulted in an average bonding strength of 677 psi even after 12 h of the
hybrid resin preparation. However, the bonding strength dropped drastically to 447 psi after
the hybrid resin was stored for 24 h. The results illustrate that a proper operational time for
the hybrid resin with 15% pMDI is 12 h.

Figure 4.6

Bonding strength changes over time of the hybrid resin with 15% pMDI
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4.5

Conclusions
Different portions of pMDI were blended with UUF resins to prepare hybrid resins

in this study. The even dispersion of pMDI in the hybrid resin was achieved by mixing low
viscosity UUF resin with pMDI acetone solution, which has a very low viscosity (e.g., 10
mPa·s for 70 w.t. % pMDI acetone solution). The hybrid resin composed of low viscosity
UUF resin (182 mPa·s) showed a relatively stable viscosity. The viscosity of the hybrid
resin with 15% pMDI only changed from 216 to 424 mPa·s with 30 h of storage time.
Based on the ATR-FTIR and DSC analysis, the hybrid resins had lower Kissinger
activation energy than the UUF resin even with no observed free isocyanate groups.
Moreover, the hybrid resins presented significantly higher dry and wet tensile shear
strength than the UUF resin. The effective operational time for the hybrid resin with 15%
pMDI could be at least 12 h. The results presented in this study proposed a new method to
make the hybrid resins of isocyanate and UF resins for wood-based composites
manufacturing.
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CHAPTER V
A NEW CONCEPT OF WOOD BONDING DESIGN FOR STRENGTH ENHANCED
SHOUTHERN PINE WOOD PRODUCTS
5.1

Abstract
Bonding strength in the structure of engineered wood products and composites is

one of the vital properties for their application. Up to now, numerous research efforts have
been made on improving durability, wettability, and strength of resins or adhesives.
However, there are only a few reports on how to improve bond line strength according to
wood feature itself. In this chapter, a new conceptual bonding design based on wood radial
section feature was presented. In this design, finger joint like bonding interfaces were
generated by hot pressing two resin coated wood radial sections together. By this design,
the bonding strength of the bond line was significantly increased by 23% with the wood
specific gravity of 0.53 g/cm3. The impacts of wood specific gravities and hot-pressing
pressures in this design were studied. The results showed that the wood specific gravity
played an important role in this design. It also revealed the advantage of this design by
bonding wood radial sections. This work has provided a new route to improve wood
bonding strength in an environmentally friendly way. Its impact on bending strength and
dimensional stability of bonded wood structures needs to be further investigated.
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5.2

Introduction
Wood materials have been widely used in human’s daily life for a very long time,

due to its easy processing, abundant resource, renewable, and environmentally friendly
features. With the increasing demand of the sustainable material, fast growing tree species
are the main feedstock of wood-based engineered products. Southern pine trees are the
most popular species in the southern United States. In order to add value of use, prolong
service life, and broaden their application, many engineering approaches have been
developed to produce wood-based products, such as plywood, laminated veneer lumber,
glued laminated timber, and cross laminated timber. In these products, all of them are
assembled from single wood elements, such as wood veneer, wood strip, and lumber, which
are bonded or glued together by adhesives. Therefore, bonding strength and bonding
durability of these bond lines are the major concerns in applications. Generally, the bonding
strength of engineered wood products is evaluated by its resistance to delamination and
bonding creep behavior [1].
The strength prediction is, more or less, reliable in materials like steel and plastic,
which are typical materials with relevant uniform structure. Most of the adhesives are, just
like plastics, polymeric and their performance can be computationally modeled in a reliable
way. The structures of solid wood material layers or elements are much more complicated
than that of steel and polymers. Since wood is a type of anisotropic material, the quality of
wood surface for bonding is less consistent [2]. The main variables include wood species
and sections, reaction wood, moisture content, and wood defects. The bonding strength is
significantly different even in the same wood species. In evaluation of the bonding strength
of engineered or adhesive bonded wood products, generally wood failure is preferable since
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it indicates that the strength of resin or adhesive surpasses wood strength. Therefore, in
order to enhance wood bonding strength, tremendous efforts have been committed to
increase effective bonding area in wood products. It could be achieved by wood mechanical
pre-treatments. Among these mechanical approaches, finger jointing has been used for a
long time, as it is an efficient way to use low grade lumber and increase production yield
[3]. By finger jointing, the high bonding strength is realized by a larger bonding surface
area. The orientation of finger joint could be easily adjusted to meet different load bearing
conditions [4]. However, finger jointing is limited in end to end connections of wood,
which is used for increasing the length of beams. It also has high requirements for wood
prior to “finger” cuts, such as grain direction, defects [5]. Comparing to finger jointing,
other gentle mechanical treatments, such as face milling and sanding, could be used to
increase wood surface roughness [6]. These treatments have lower requirements for wood
and relatively lower cost than finger jointing. The high surface roughness normally impart
wood surface a lower wettability to resin, which is beneficial for wood bonding [7]. In
addition, it is expected that a dull knife would make the wood surface loose, causing a resin
to penetrate deeper into the wood and form durable bonds [8]. Thus, methods mentioned
are aimed at increasing wood surface bonding area via mechanical pre-treatments, which
increase effective bonding area and resin penetration.
In this study, a new method was developed to improve wood bond line strength by
bonding and compressing wood radial sections, which was realized by enlarging bonding
areas without any mechanical pre-treatment. The fundament concept of this study is that
the cross section of southern pine logs contains a certain number of growth rings, which
are composed of layers of latewood and earlywood growth ring bands. In the radial section
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of a piece of wood, latewood and earlywood are closely spaced, parallel, and lined
alternatively to each other. In southern pine trees, the difference in latewood and earlywood
is usually very distinct and obvious. Latewood has deeper color than early wood. Latewood
has thicker cell walls and smaller cell lumens than earlywood, thus have higher density,
hardness, and less compressible features. Therefore, under the same compression pressure,
earlywood cells are easier to compress than latewood cells. In addition, the ratio or the
width of earlywood compared to that of latewood in each growth ring is greater. Based on
these facts, when two pieces of radial section southern pine wood specimen are layered
together and compressed, latewood layers on one piece of wood will force grooves on
earlywood layers of the other side of wood piece and vice versa. In the end, indented
shapes, similar to that of the finger joint structure will be formed on the accumulation of
the grooves of early wood. The schematic illustration is shown in Figure 5.1. It is expected
that when this feature or design is used in bonding wood, the bonding area is increased and
as a result, the bonding strength of the specimens will be increased [9].
In this chapter, the objectives were to: develop a new bonding design for southern
pine wood; explore the influences of all the influence factors on the bonding design.
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Figure 5.1

5.3
5.3.1

A design of bonding southern pine wood with radial sections

Materials and methods
Materials
Lumber was purchased from a local sawmill in Mississippi. The lumber was cut

into wood strips with dimensions of 4 × 1 × 0.16 inch (101.6 × 25.4 × 4 mm; longitudinal
× radial × tangential) for both radial and tangential sections, respectively. Each radial and
tangential wood strip group was cut from the same piece of lumber with an end-matched
pattern. In detail, for a group of radial and tangential wood strips, a long strip was ripped
along a wood length. Radial and tangential long strips were cut perpendicular and parallel
to the growth ring of the lumber (Figure 5.2). Finally, long strips were crosscut into short
strips.
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Figure 5.2

Schematic diagram of wood strips cutting

Paraformaldehyde (HO(CH2O)nH) in crystalline form and reagent grade and
acetone (CH3OCH3), HPLC plus and 99.9% pure were obtained from Sigma Aldrich, USA.
Urea (NH2CONH2) in crystalline form (98%) was purchased from Alfa Aesar, USA.
Sodium hydroxide beads (NaOH) and sulfuric acid (H2SO4) certified ACS plus were
purchased from Fisher Scientific, USA. Standard pMDI (Rubinate M isocyanate) with an
-NCO content of 31.0% was purchased from Huntsman corp., USA. All chemicals were
used as received without further purification, except sodium hydroxide and sulfuric acid
were diluted to 8% water solution.
5.3.2

Resin preparation
In this study, a hybrid resin from used urea formaldehyde (UUF) resin and

polymeric 4-4 diphenyl methane diisocyanate (pMDI) was prepared by following the
details in Chapter III and Chapter IV. For UUF resin (1.2 formaldehyde to urea molar ratio)
preparation, the formaldehyde solution was collected from cured UF resin hydrolysis. The
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rest of resin synthesis procedures were remained the same to a normal UF resin preparation
[10]. Typically, additional paraformaldehyde was dissolved in the hydrolyzed
formaldehyde solution at the base condition (pH=8.0). Then, urea was added in the
formaldehyde solution for methylolation reaction, followed by poly-condensation or
polymerization under acid condition. The UUF resin solution was finally adjusted to the
base condition, according to the desired viscosity measurements. The measured viscosity
and solid content of the applied resin was 180 mPa·s (Viscosity Meter DV-I Prime,
Brookfield) and 64% (Moisture Balance, CSC Scientific Company, Inc.), respectively.
The hybrid resin was prepared by blending pMDI acetone solution with the UUF
resin. In detail, pMDI was added into acetone to make 70 w.t. % solutions. The 70 w.t. %
pMDI acetone solutions were added into UUF resins to make the hybrid resin with pMDI
weight ratio of 15%, based on UUF resin solid content. All the resins were used within 12
h after blending.
5.3.3

Tensile shear strength sample preparation
Wood strips were used to make lap shear test samples. The prepared resin was

applied to the ends of wood strips covering 1 inch2 ± 0.01 (645.16 mm2 ± 0.06) area with
resin loading of 6.3-10.1 g/ft2 on one side. Two resin-coated strips were bonded together
under pressures of 200, 300, and 400 psi, and at 130 °C for 5 minutes using a lab-scale hot
press (Carver Laboratory Press, Fred S. Carver, Inc.). Finally, the samples were cooled
down naturally and conditioned at ambient temperature for a week before mechanical tests
were conducted. For control samples, tangential wood strips were bonded under the same
conditions. Different wood specific gravities of southern pine were studied. The 2 factors
at 3 levels (Table 5.1) resulted in 9 treatment combinations, which was used in a completely
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randomized design with subsampling (Radial and tangential wood strips, 8 bonded samples
for each), total 144 samples were prepared.
Table 5.1

Bonding samples preparation

Levels
Factors
Pressure (psi)
200
300
400
3
Specific gravity (g/cm ) 0.4~0.5 0.5~0.6 above 0.6

5.3.4

Treatments

Replicates

9

8

Lap shear test
Lap shear strength was measured according to ASTM D906-98 [11]. In detail,

samples were tested by tension loading using an Instron 5566 dual-column testing system
(Instron, USA) fitted with fish scale gridded wedge grips. The applied crosshead speed was
0.08 inch/min. Lap shear strength was reported at break load (psi). The measured bonding
area was collected before the lap shear test was used to calculate the bonding/shear
strength.
5.3.5

Wet strength
To evaluate the wet strength of the bond line designed with the new method, the

conditioned wood bonded strips were immersed in a water bath at 25 °C for 4 h. Then the
samples were dried at 41 °C overnight (18-20 h). This immersion-drying cycle was
repeated three times. Tangential cut bonded wood strips were used as a comparison. The
testing method was the same as the one for the dry lap shear test.
5.3.6

Morphology of wood
The surface morphology of the crosscut wood samples was observed using a

scanning electron microscope (JSM 6500F, JEOL) in high vacuum mode at a working
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voltage of 5.00 kV. Prior to observation, given that wood is an insulator, gold films were
sputtered on all the samples using a sputtering coater (EMS 150T, Electron Microscopy
Science) for 120 seconds in a vacuum at a current of 18 mA.
5.3.7

Specific gravity, moisture content, compression ratio of wood
The specific gravity was measured for each piece of the lumber by dividing the

measured weight by volume (height × width × thickness). The moisture content (MC) of
each wood strip was obtained on a dry basis according to the Equation 5.1 below with at
least 6 replicates:
MCdry =

Minitial wood −Mdry wood
Mdry wood

×100%

(5.1)

Where
Minitial wood is the weight of the un-dry wood strip;
Mdry wood is the weight of wood strip after dried to a constant quality at 103 ± 2 °C
in a dry oven.
The compression ratios of the bonded wood strips and single wood strips were
calculated with the Equation 5.2 below:
C=

Tinitial −Tfinal
Tinitial

× 100%

(5.2)

Where
C is the compression ratio (%);
Tinitial is the measured thickness of layered two pieces of wood strips before the hot
press;
Tfinal is the measured thickness of the layered two wood strips after the hot press
process.
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5.3.8

Data analysis
All the data were analyzed by using an F-Test at alpha 0.05 level of significance,

LSD multiple comparisons, and ANOVA table with SAS 9.4 software (SAS Institute,
USA). Figures were obtained by using Origin 9.0 software (OriginLab, USA). The standard
deviation of each data set was used as error bar.
5.4
5.4.1

Results and discussion
Morphology of southern pine wood cells in cross section
Wood is a kind of material that is composed of large amounts of wood cells. The

macroscopic mechanical strength of wood material is accumulated by the mechanic
strength of these cell units. The typical cross section of southern pine is shown in Figure
5.3. There is a sharp change in the cell structure from earlywood to latewood. As mentioned
earlier, latewood cells have thicker cell walls than earlywood. Meanwhile, earlywood cells
have larger cell lumen than latewood cells. Consequently, the total sizes of latewood cells
are smaller than earlywood. This means that in samples of the same thickness, latewood
will have more layers of wood cells than early wood, and latewood will be denser. Hence,
one can expect that earlywood cells are easier to be compressed than latewood cells due to
density difference and empty lumen spaces between them.
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Figure 5.3

5.4.2

Morphology of latewood and earlywood cells in the cross section of
southern pine wood

Compression features of southern pine wood
In order to further explore the compression features of southern pine wood, single

layer of earlywood and latewood strips were prepared for the experiments. In this case, to
minimize the variations of wood, a piece of southern pine lumber was used to prepare all
the wood strips. Defect free tangential section specimens with clear earlywood and
latewood were requested for this experiment. Wood strips of pure earlywood and latewood
layers were obtained by cutting through the tangential direction, except for radial section
wood strips. All the thicknesses of the wood strips were controlled at 0.12 inch (in radial
direction), with the length and width of 5.0 (in longitudinal direction) and 1.0 inch (in
tangential direction), respectively. The measured overall specific gravity of the lumber was
0.49 ± 0.02 g/cm3, 0.39 ± 0.02 g/cm3 for earlywood layers, 0.72 ± 0.02 g/cm3 for latewood
layers, and 0.53 ± 0.02 g/cm3 for radial section wood strips. The measured MC was 12%.
The cell structures of earlywood and latewood are shown in Figure 5.4. It is obvious that
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the width of earlywood cells is wider than that of the latewood cells. Compression pressure
was applied perpendicular to the wood specimen as shown in the Figure 5.4.

Figure 5.4

Morphology of earlywood (left) and latewood (right) cells in the radial
section of southern pine wood

The hot-pressing temperature (130 °C) and time (5 mins) were the same for all the
wood strips in this experiment, and four hot-pressing pressures of 200, 300, 400, and 500
psi were applied. The obtained compression ratios are shown in Figure 5.5.
When pressure changed from 200 to 500 psi, the compression ratios of the
earlywood layers were significantly increased from 15.5 to 41.9%. In the latewood layers,
the compression ratios were only increased from 9.5 to 24.0%. These results confirmed
that earlywood cells have a greater compression ratio than that of latewood cells. More
specifically at pressure of 300 and 400 psi, the compression ratios of earlywood layers were
two times higher than that of latewood layers. The compression ratios of radial section
wood strips were only increased from 7.8 to 13.3% with the increase of the pressure from
200 to 400 psi. This indicates that under the same pressure, radial section wood was more
difficult to deform than tangential section wood and thus is more dimensional more stable
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than tangential section wood. But under the pressure of 500 psi, the compression ratio was
increased to 31.5% for the radial section wood strips. These results need to be further
verified. Typically, the wood strips of latewood layers were compressed at its radial
direction. But the radial section wood strips were compressed at its tangential direction. In
addition, latewood strips in this experiment contained parts of earlywood due to its
unevenness and thin thickness in the lumber. Therefore, earlywood will always be
compressed first. In the radial section wood, the compression ratio is determined by the
number of layers or lines and areas of latewood in the wood strips.

Figure 5.5

5.4.3

Compression features of single layers of earlywood and latewood, and
radial section of southern pine wood

Dry and wet lap shear strength of bonded wood samples
Bonding strengths of radial and tangential sections are shown in Figure 5.6. The

specific gravity of the lumber for wood strips used in this comparison group was 0.53 ±
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0.02 g/cm3 and the MC was 8% before use. For this group, all bonded strips were prepared
through a hot-pressing process, which is described in the method section using the hybrid
resin. The hot-pressing pressure here was 200 psi. A total of 16 samples were prepared for
both radial and tangential strips, and eight randomly chosen samples were respectively
tested for dry and wet shear strength for both radial and tangential wood strips. As shown
in Figure 5.6, the dry shear strength of this group indicated that radial bonded strips have
significantly stronger average bonding strength (690 psi) than tangential bonded strips (525
psi), they were significantly different at α=0.05. The observed bond line failure of each set
of bonded wood samples occurred on wood site. We also found that the tangential section
wood samples had an average compression ratio of 10.1%, which was greater than 8.1%
of radial samples with the same operational parameters. This illustrated that the tangential
section wood was compressed more than the radial section wood under the same pressure.
The fact that a higher compression ratio in the tangential section wood strip was generated
was due to the natural feature of the wood. Since a piece of tangential section wood strip
contains layers of earlywood and latewood, the earlywood with low density will always be
compressed. Unlike the tangential section wood, the radial section wood provides evenly
distributed latewood and earlywood lines/layers. The latewood layers with high density
will support the entire wood structure under certain pressure and thus reduce the
deformation of the wood and the compression ratio.
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Figure 5.6

Bonding strength of dry and wet radial and tangential section wood strips

In order to explore the influence of wet condition on the bonding strength, the
remaining eight samples of both radial and tangential samples were put through a water
immersing process that was described above before the shear tests. Figure 5.6 shows that
the average wet bonding strength (695 psi) of radial samples was close to their
corresponding dry samples, while the average wet shear strength (602 psi) of tangential
samples was higher than that of their corresponding dry samples. In addition, the bonded
radial strips were stronger than the corresponding tangential strips. However, the
differences were not significant at α=0.05.
It is expected that the finger jointing structure, or interlock, has formed on radial
section bonded strips, and the swelling of wood might have increased the tightness of this
structure. Consequently, radial strips maintained a good bonding strength even being
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through water immersing cycles. In contrast, for tangential strips, the increase of wet
bonding strength is still unknown with the hybrid resin. Further studies are needed.
5.4.4

Influence factors on tensile shear strength of bonded samples
The strength of finger jointing structures is dependent upon the number and the

depth of formed “fingers” [12]. Therefore, the bonding strength of radial section wood
strips will be influenced by the number of latewood and earlywood layers. For example,
more growth rings in a unit area will form more “fingers” and “grooves”, which will have
a larger bonding area and result in a stronger bonding strength. In addition, this bonding
design or the finger jointing structure was also dependent on hot press process. The
pressure could be an important impact on the bond line structures since it influences the
compression of wood. To find the main factors or interactions, three different wood specific
gravities and hot-pressing pressures were studied. The measured average specific gravity
was 0.46 ± 0.02 g/cm3 for Group A strips, 0.53 ± 0.02 g/cm3 for Group B, and 0.63 ± 0.02
g/cm3 for Group C, which was significantly different at α=0.05. The measured average MC
was 8% for each of the group. All the radial and tangential section wood strips for each
group were cut from the same piece of lumber with an end-matched pattern. The obtained
bonding strengths are shown in Table 5.2.
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Table 5.2

Bonding strength test results

Specific gravity (g/cm3) Wood section
Bonding strength (psi)
0.46
Radial
490 (0.21)
0.46
Tangential
543 (0.23)
0.53
Radial
693 (0.05)
200 (psi)
0.53
Tangential
564 (0.27)
0.63
Radial
667 (0.27)
0.63
Tangential
530 (0.42)
0.46
Radial
464 (0.24)
0.46
Tangential
472 (0.24)
0.53
Radial
678 (0.08)
300 (psi)
0.53
Tangential
633 (0.16)
0.63
Radial
657 (0.12)
0.63
Tangential
510 (0.25)
0.46
Radial
519 (0.29)
0.46
Tangential
447 (0.41)
0.53
Radial
638 (0.13)
400 (psi)
0.53
Tangential
602 (0.23)
0.63
Radial
681 (0.18)
0.63
Tangential
627 (0.17)
Note: The values in the parentheses are coefficient of variations; eight samples were
tested for each treatment combination.
Pressure (psi)

The wet bonding strength of bonded wood samples resulted in comparable or even
better performance than their dry case. It indicates that the bonding design and hybrid resin
together yielded a durable bonding line. Statistical analysis showed that hot-pressing
pressure, specific gravity, and wood section were not interacting to significantly affect the
average dry and wet bonding strength of bonded wood samples. In addition, any of the two
impact factors were not interacting to show a significant difference. In the case of dry
bonding strength, the main factor was the specific gravity, it showed significance at α=0.05.
The factor of wood section, nevertheless, showed significance at α=0.1. As shown in Figure
5.7, all the bonded strips were prepared under the hot-pressing pressure of 200 psi. The
increase of the specific gravity of wood samples from 0.46 to 0.53 g/cm3 resulted in a
97

significant increase of dry bonding strength from 490 to 693 psi. Further increase of the
specific gravity to 0.63 g/cm3 resulted in no significant difference. In addition, the wood
sections showed no significant effects on both low (0.46 g/cm3) and high specific gravity
(0.63 g/cm3) southern pine wood. Only the middle specific gravity of 0.53 g/cm3 presented
significant difference in bonding strength between radial and tangential sections.
Therefore, it is suggested that the bonding design is suitable for southern pine wood with
the specific gravity around 0.53 g/cm3.

Figure 5.7

Bonding strength at different wood specific gravities (A to C, from low to
high specific gravity, hot pressed under 200 psi)

Compared to the dry case above, the wet bonding strength data analysis indicated
that both the specific gravity and the wood section of southern pine wood showed
significant effects to the bonding strength at α=0.05. Moreover, the conclusion was proved
by the over data analysis (combining dry and wet bonding strength together). The results
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indicate that the bonded radial southern pine wood strips were more stable than the
corresponding tangential strips. This could be attributed to the additional finger jointing
like structures in the bond line.
5.5

Conclusions
The new concept of bonding southern pine wood at radial sections generated

“finger jointing” like structure along wood grain length direction, which was introduced
with wood’s natural properties and a normal hot press process. Statistical analysis
confirmed the advantages of bonding wood radial sections to its corresponding tangential
sections. This bonding design is suitable for southern pine wood with a specific gravity
around 0.53 g/cm3. With this specific gravity, under 200 psi hot-pressing pressure, the
embedded finger jointing improved the bonding strength by 23% as compared with the
controlled samples. In addition, wood deformation or wood compression ratio in this
design could be decreased, especially under high pressure conditions, which is beneficial
for improving the yield of wood products. This new design concept has provided a new
way for increasing wood bonding strength and durability, which has great potential in
bonding southern pine wood products. Further research to systematically study the impact
of it will be worthy.
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